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Mechano-Regulation Of Meniscus Development And Maturation
Abstract
The meniscus is an integral load bearing fibrous tissue of the knee joint that derives its mechanical
function from the unique geometry and precise organization and composition of its extracellular matrix
(ECM). While the importance of the highly specialized ECM is well appreciated in the mature meniscus,
how this structural complexity is achieved during development remains poorly understood, and in
particular, what interplay exists between the cells that build the matrix and their rapidly evolving
microenvironment is unclear. To address these knowledge gaps, we begin by establishing a detailed
timeline of the concurrent spatiotemporal changes that occur at both the cellular and matrix level during
murine meniscus maturation, through use of Col1-YFP, Col2-CFP, Col10-mCherry fluorescent reporter
mice, as well as histological analysis, and region specific high-throughput qPCR. We report that distinct
cellular and matrix features defining specific meniscus tissue zones are present at birth, and that regional
specialization continues during postnatal growth and maturation, possibly due to onset of load bearing
use. Importantly, we define a framework for investigating the reciprocal feedback between cells and their
evolving microenvironment—thus laying the foundation for future mechanistic work. Informed by the
finding that key structural features of the meniscus matrix are established at birth, the remainder of this
thesis addresses how this nascent organization is established. By analyzing key timepoints in knee joint
development, we show that the genesis of ordered meniscus matrix is downstream of early cellular
patterning characterized by marked fibrillation of the actin cytoskeleton. This suggests that cells and
subcellular structures act as a physical template that directs alignment of the deposited fibrous matrix.
Through the use of muscular dysgenesis (mdg) and splotch-delayed (Spd) mouse mutants that lack
skeletal muscle contraction and joint motion, we further show that this critical cellular re-arrangement
prior to meniscus formation does not fully occur without muscle contraction and leads to tissue
dissociation—demonstrating that extrinsic forces play an instructive role in the tissue’s formation. Finally,
we probe the impact of embryonic cell-mediated physical cues (adhesion, cytoskeletal arrangement) on
subsequent meniscus assembly by generating targeted deletion of non-muscle myosin isoforms NM-IIA
and NM-IIB (Myh dKO) in meniscus precursor cells during knee development. We demonstrate that cells
of Myh dKO animals have defective cellular connectivity and so assemble a disorganized fibrillar matrix at
birth, but these deficiencies in matrix alignment are somewhat corrected with postnatal maturation.
Together, this work establishes that both cell-generated and extrinsic physical cues are imperative in the
establishment of the initial meniscus structure that is built upon and further refined during postnatal
growth.
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ABSTRACT
MECHANO-REGULATION OF MENISCUS DEVELOPMENT AND MATURATION
Tonia K. Tsinman
Nathaniel A. Dyment
Robert L. Mauck

The meniscus is an integral load bearing fibrous tissue of the knee joint that derives its
mechanical function from the unique geometry and precise organization and composition
of its extracellular matrix (ECM). While the importance of the highly specialized ECM is
well appreciated in the mature meniscus, how this structural complexity is achieved
during development remains poorly understood, and in particular, what interplay exists
between the cells that build the matrix and their rapidly evolving microenvironment is
unclear. To address these knowledge gaps, we begin by establishing a detailed timeline
of the concurrent spatiotemporal changes that occur at both the cellular and matrix level
during murine meniscus maturation, through use of Col1-YFP, Col2-CFP, Col10mCherry fluorescent reporter mice, as well as histological analysis, and region specific
high-throughput qPCR. We report that distinct cellular and matrix features defining
specific meniscus tissue zones are present at birth, and that regional specialization
continues during postnatal growth and maturation, possibly due to onset of load bearing
use. Importantly, we define a framework for investigating the reciprocal feedback
between cells and their evolving microenvironment—thus laying the foundation for future
mechanistic work. Informed by the finding that key structural features of the meniscus
matrix are established at birth, the remainder of this thesis addresses how this nascent
organization is established. By analyzing key timepoints in knee joint development, we
show that the genesis of ordered meniscus matrix is downstream of early cellular
x

patterning characterized by marked fibrillation of the actin cytoskeleton. This suggests
that cells and subcellular structures act as a physical template that directs alignment of
the deposited fibrous matrix. Through the use of muscular dysgenesis (mdg) and
splotch-delayed (Spd) mouse mutants that lack skeletal muscle contraction and joint
motion, we further show that this critical cellular re-arrangement prior to meniscus
formation does not fully occur without muscle contraction and leads to tissue
dissociation—demonstrating that extrinsic forces play an instructive role in the tissue’s
formation. Finally, we probe the impact of embryonic cell-mediated physical cues
(adhesion, cytoskeletal arrangement) on subsequent meniscus assembly by generating
targeted deletion of non-muscle myosin isoforms NM-IIA and NM-IIB (Myh dKO) in
meniscus precursor cells during knee development. We demonstrate that cells of Myh
dKO animals have defective cellular connectivity and so assemble a disorganized fibrillar
matrix at birth, but these deficiencies in matrix alignment are somewhat corrected with
postnatal maturation. Together, this work establishes that both cell-generated and
extrinsic physical cues are imperative in the establishment of the initial meniscus
structure that is built upon and further refined during postnatal growth.
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CHAPTER 1: INTRODUCTION
The tissues of our body are exquisitely engineered to effectively execute distinct
physiologic roles, with nature finding effective solutions for each design challenge that it
is presented with. Our lungs (gas exchangers), heart (pump), and kidneys (filtration
systems) are perhaps some of the best demonstrations of this concept, though countless
examples exist across the plant and animal kingdoms. In each case, function is achieved
through a precisely defined combination of shape (geometry), cellular composition
(populations of cell types), and the make-up of the extracellular matrix (ECM).
Establishing this level of complexity, for any tissue, begins during embryonic
development and further evolves during postnatal growth, until the mature and functional
form is reached.
Of the range of tasks required for survival, locomotion is one that necessitates
incredible mechanical robustness from tissues of the musculoskeletal system. The knee
joint is a prime example, as it is a key element needed for motion throughout the lifetime
of an animal and, in humans, transmits forces reaching 2 to 3 times body weight during
normal gait. While the bone and muscle surrounding the knee provide the actuation
needed for its articulation, it is the dense connective tissues—cartilage, cruciate
ligaments, and menisci—that act as key transmitters and dissipaters of physical forces
during gait. To achieve robust mechanical integrity, the make-up of these tissues is
heavily skewed towards ECM components, whose composition and organization are
designed to provide the mechanical properties needed to effectively withstand the
applied loading. Part of what delineates mature fibrous load bearing tissues from muscle
and bone is that they have a very limited ability to regenerate or repair once damaged.
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Yet, increased physical demand on knee joint tissues can cause premature mechanical
failure of the ECM and painful degeneration. This underscores the need to better
understand what causes fibrous tissue pathogenesis and how to develop effective
strategies for repair and replacement.
To that end, this thesis is predicated on the belief that understanding how the
complexity of the ECM is naturally established is instrumental in informing these
regenerative approaches as well as homing in on the mechanisms that lead to
degeneration in the first place. What is clear is that load bearing tissues have stringent
design criteria—cells need to build a structure that is able to continuously withstand
physical agitation and deformation throughout the lifetime of the animal. How they are
able to do so remains unclear. Interestingly, the last several decades have put forth
strong evidence that cellular behavior can be modulated and instructed by physical cues
from its microenvironment. This principle—known as mechanobiology—is particularly
intriguing to think about in the context of connective tissues, which by nature have a
highly mechanically active cellular milieu, subject to progressively changing extracellular
matrix mechanics as well as repeated (millions of steps per year) exogenous mechanical
loading cycles. Thus, our central hypothesis is that biophysical cues—both cellgenerated and extrinsic—are necessary and instructive inputs for the cells that generate
and assemble the ECM of fibrous load bearing tissues. The following body of work aims
to test this hypothesis within the context of the murine knee meniscus, a semilunar
fibrocartilage wedged between the femur and tibia that is critical in redistributing stresses
generated by the articulating knee joint surfaces. Importantly, the meniscus ECM is a
unique example of a mechanically specialized structure that is both highly anisotropic
and compositionally heterogeneous, thus serving as an excellent model for
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understanding how the precise and complex ECM organization is achieved to withstand
(and thrive in) the dynamic load bearing environment of the knee.
To begin, Chapter 2 will overview some well-established attributes of the mature
meniscus and how they relate to its function—specifically highlighting its regional
variation in ECM and cellular properties. This chapter will also review what is known
about how mechanical stimuli influence meniscus cell behavior (mechanobiology), as
well as touch upon characteristics of meniscus tissue seen during degeneration. In all,
Chapter 2 will provide the background supporting the prevailing hypothesis within the
field–that the ECM composition within the meniscus regionally adapts over time to
withstand differential loading patterns that the tissue experiences. What this implies is
that resident meniscus cells, which ultimately synthesize, deposit, and organize the
resultant matrix molecules, must spatiotemporally diverge in their transcriptional and
synthetic profiles. As such, meniscus ECM assembly may be an exciting instance of
mechanobiologic principles playing a role in an in vivo context; wherein variation in
forces (tension, compression) throughout different portions of the meniscus is perceived
by resident cells and results in differential regulation of their transcriptional profiles and
matrix protein output.
While the prevailing dogma in the field, there have been no studies that
conclusively show that the establishment of the spatially distinct ECM is indeed due to
divergent mechanoresponse of local meniscus cell subpopulations. In Chapter 3, a
critical first step is taken in filling this knowledge gap by using a Col1-YFP/Col2CFP/Col10-mCherry transgenic murine model to define the spatiotemporal specialization
of the developing meniscus ECM in parallel with the time-evolving molecular profiles of
the resident cell subpopulations in the late embryonic (E17.5) to early post-natal (P03

P28) time frame. Findings from this work demonstrate that regional distinctions in both
matrix and cellular fate are present at birth, prior to continuous weight-bearing, and that
both cells and matrix further specialize over time, with dramatic changes in tissue
properties observed over time spans as short as one week. Importantly, the
implementation of fluorescent reporter mouse lines enables visualization of spatial
transcriptional heterogeneity within the meniscus at a single-cell level. While transgenic
reporter mice have been widely used, this work is one of the few that leverages the
power of these tools for the study of meniscus biology; these findings may spark interest
in increased use of these animal models in future meniscus research. The chapter
concludes by discussing how the established framework can be used to elucidate the
regulatory feedback loop between meniscus cells and their matrix via the perturbation of
the mechanical and structural features of the ECM microenvironment.
While Chapter 3 mostly focuses on meniscus growth during the postnatal
timeframe, it also presents evidence that both ECM organization and differences in
meniscus cell signatures are already discernible in newborn murine menisci, suggesting
that important inputs that guide its ultimate structural complexity happen during
embryonic tissue development and formation.

Chapter 4 thus delves into what is

known about how the meniscus forms during knee embryonic morphogenesis. Key
developmental time points and known molecular regulators of knee joint development
are overviewed to provide context for the work described in subsequent chapters.
Importantly, we highlight the body of literature supporting the notion that embryonic joint
motion due to skeletal muscle contraction has a profound impact on knee joint and
meniscus morphogenesis. These studies provide critical evidence that is in line with the
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central hypothesis of this thesis—demonstrating that some of the earliest steps of the
meniscus assembly process may indeed be mechanosensitive.
Evidence that extrinsic mechanical forces are able to direct the process of
meniscus formation raise the exciting broader question of what role biophysical cues
play in establishing an ordered fibrous structure. To date, a majority of the work focused
on meniscus development has centered on characterizing the molecular profile of the
embryonic tissue to identify factors necessary to direct cell fate and differentiation and
lineage tracing studies to understand the origin of the resident cells. It is clear, however,
that embryonic development is innately a context in which a cell’s physical context is
constantly evolving—with shifts in adhesive interactions, cell orientation, matrix topology
and stiffness, growth generated stresses and strains, and the presence of external
mechanical stimuli. Thus, understanding how these changing physical inputs impact the
tissue formation process may inform the search for key molecular players that are
involved as well. In Chapter 5, we review the existing evidence for how both extrinsic
stimuli as well as intrinsic cell-generated cues influence embryonic tissue development.
In doing so, we look beyond the meniscus field and outline evidence of cell adhesion
and force generation (intrinsic stimuli) as well as growth generates stresses and strains
(extrinsic stimuli) contributing to embryonic tissue formation and matrix organization.
Specifically, we focus on studies tendon and the annulus fibrosus—other load bearing
fibrous tissues that must assemble a highly ordered structure to achieve meet the
mechanical demands of their function. Finally, we again overview the contribution of
muscle contraction forces on the formation of these illustrative fibrous musculoskeletal
elements.
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Based on the evidence suggesting an instructive role of biophysical cues in
tissue morphogenesis, Chapter 6 re-examines the timeline of murine knee joint
development and meniscus morphogenesis through this mechanobiologic lens. We
begin by building upon previous embryonic meniscus work and query the cell and matrix
based structural changes that accompany the transition from meniscus precursor
specification to cellular patterning and tissue formation—including actin cytoskeletal
rearrangement, nuclear deformation, and emergence of fibrillar collagen organization.
Our results suggest that early patterning events may direct matrix assembly, as cells
establish a physical template to direct the proper organization of deposited ECM
molecules. These findings also highlight the striking similarity in the process of nascent
matrix assembly between ordered fibrous tissues such as the menisci, ligaments, and
annulus fibrosus—suggesting that the underlying mechanisms for building ordered
fibrous structures may be conserved. Informed by the body of literature overviewed in
Chapters 4 and 5, the remainder of this chapter explores whether external forces
generated by embryonic skeletal muscle contraction influences meniscus formation
through directing the cell patterning and cytoskeletal re-arrangement process and thus
driving cellular condensation. To do so, we investigated embryonic knee joints of
Muscular Dysgenesis (mdg) and Splotch-delayed (Spd) mouse models, in which skeletal
muscle develops but is non-contractile (mdg) or fails to develop at all (Spd). These
models provide a way to track meniscus formation without the presence of extrinsic
muscle forces. While these models have been used extensively to show aberrant
morphogenesis of the majority of murine joints, perplexingly little effect has been noted
for the knee, leading the field to believe its formation is not dependent on this physical
stimulus. In our analysis, however, we revisited the knee joints of these mice, and
specifically interrogated the formation of the fibrous tissues (menisci, cruciate ligaments,
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patellar tendon), rather than the joint cavitation process, which has historically been the
focus. Strikingly, and in contrast to what was previously thought, we demonstrate severe
defects in formation of all fibrous tissue elements of the knee, while at the same time
confirming the lack of a cavitation deficit. Surprisingly, phenotypes in these mice appear
to be tissue and region-specific—whereas in portions of the meniscus cells fail to fully
condense and disaggregate, the ligamentous tissues pattern properly, but appear to
have hypercontractile cells, and ultimately result in formation of tissues of reduced size.
These data point to the sensitivity of knee joint tissue formation to the absence of muscle
contraction forces, as well as location-dependent distinctions in fibrous knee joint tissue
morphogenesis. Importantly, our work resolves the discrepancies regarding about the
role of muscle contraction in knee joint development that existed between chick and
mouse models, showing that in both cases, lack of muscle contraction causes meniscus
dissociation. We conclude by discussing the sources of limitations in our study and
outline additional studies that can help strengthen and further explore the implications
raised by our work.
Our results in chapter 6 clearly demonstrate that the establishment of the
nascent meniscus structure involves precise cellular organization and condensation into
the proper circumferential arrangement during joint formation, and that extrinsic physical
cues play an instructive role in this key step of morphogenesis. In Chapter 7, we further
ask how biophysical inputs generated by the patterning of the meniscus cells themselves
influences the process of tissue assembly. In particular, we attempt to disrupt the
cytoskeletal organization, adhesion, and force generation that is central to cellular
mechanosensing through targeted excision of the non-muscle myosins NM-IIA and NMIIB, specifically in joint cells. Our results demonstrate that meniscus assembly can
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proceed with the loss of either isoform in resident cells. However, combined deletion of
both non-muscle myosins within the forming meniscus tissue causes dramatic changes
to cellular connectivity and matrix structure by birth. Remarkably, we further demonstrate
that fibrous tissue formation is incredibly robust, as the meniscus is able to continue to
establish fibrillar, circumferentially aligned matrix during postnatal growth, even when its
neonatal cellular template is profoundly disrupted. Interestingly, these results highlight
that there may be an interplay between the cell-derived and extrinsic cues in establishing
and then refining the ordered fibrous matrix structure, such that deficits that originate
from an improper nascent cellular organization can be corrected through extrinsic
mechanical loading. We conclude by discussing the limitations of our approach and
outline future work that is being undertaken to provide additional clarity in these results.
Finally, Chapter 8 summarizes the work as a whole, linking together several
emergent themes. While limitations and next steps for individual studies are provided at
the end of each chapter, here, we provide a broader outlook on the state of the field by
outlining exciting unanswered questions generated by the work contained in this thesis.
This concluding piece aims to inspire future studies to further uncover the guiding
principles behind the mechano-regulation of fibrous tissue development and growth, so
as to both understand the origins of these wonderfully complex tissues, as well as
uncover new paradigms that might be applied to slow degeneration and/or promote
regeneration.
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CHAPTER 2: STRUCTURE, FUNCTION, AND CELLULAR CHARACTERISTICS OF
THE ADULT MENISCUS
2.1 INTRODUCTION
The menisci are two semilunar wedge-shaped fibrocartilages that are situated
between the femoral condyles and the tibial plateau in the medial and lateral regions of
the knee joint. These tissues are critical for the sustained mechanical function of the
knee throughout life. During gait, the menisci are compressed in between the femoral
condyle and tibial plateau, causing radial extrusion that is resisted by the tissues’
ligamentous tibial insertions, which anchor it in place (Figure 2-1 a). In this manner, the
menisci act to absorb and redistribute compressive forces generated by the articulating
surfaces of the knee, via circumferential hoop stresses that are distributed through the
tissue (Masouros et al., 2008) (Figure 2-1 c). The removal of the menisci causes a
marked increase in contact stresses in the cartilage of the femoral and tibial surfaces
and, with time, leads to degenerative changes within the joint (Fairbank, 1948). The
functional importance of these structures is also reflected in their phylogenetic
conservation, as all tetrapods appear to have presence of dense, fibrous, connective
tissue separating the femoral and tibial surfaces of the knee. In fact, the first
documented land-dwelling creature (the Eryotops) is thought to have had knee joints
complete with menisci and cruciate ligaments—underscoring that the presence of
additional fibrous tissues within the knee has been maintained throughout evolution
(Haines, 1942; Ghosh and Taylor, 1987).
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Figure 2-1: Structure and function of the knee meniscus.
a) Adapted schematics from Markes et al., 2020, showing an artistic rendering of the
menisci positioned within the knee, as well as the internal circumferential fiber alignment
of the matrix (right). b) Schematic demonstrating the transverse (top), coronal (front), and
sagittal (side) views of the knee joint and the representative regions of the meniscus that
are visible. Transverse plane shows the circumferential collagen matrix. Dotted lines
indicate ‘cutting’ plane to produce coronal and sagittal views. Coronal view shows the
medial and lateral meniscus wedges. Sagittal view depicts the body and horn regions of
the meniscus, depending on the location within the joint. c) Adapted schematics from
Mausorous et al., 2008 demonstrating meniscus mechanical function in converting
compressive forces from the tibia and femur into circumferential hoop stresses (top), and
its role in distributing the contact stresses between the femur and tibia (bottom). Fcom:
Compressive force; Frad: Radial force; Fcirc: Circumferential force.

The complexity of mechanical forces that are experienced during normal
meniscus function are reflected in the intricate organization of its internal matrix
structure. Like other load bearing tissues, the meniscus achieves the mechanical
strength needed to withstand the forces generated during load bearing through a highly
ordered extracellular matrix (ECM) that predominates the composition of the mature
tissue (Makris, Hadidi and Athanasiou, 2011; Fox, Bedi and Rodeo, 2012; Markes,
Hodax and Ma, 2020). Once the tissue reaches maturity, barring any injurious or
pathological events, the composition of the tissue remains constant essentially for the
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lifetime of the animal (Ingman, Ghosh and Taylor, 1974; Ghosh and Taylor, 1987).
Remarkably, matrix turnover in mature fibrous tissues is very low, with collagen molecule
half-life, in particular, estimated to be anywhere between 95 and 215 years (Verzijl et al.,
2000; Sivan et al., 2008). Thus, the permanence of the deposited matrix stresses the
importance of its proper establishment during maturation—as ECM integrity is key for
the tissue’s mechanical role, and endogenous ability to repair and replace the matrix
components seemingly limited.
In this chapter, we introduce the reader to the structure of the mature meniscus,
with a particular focus on a distinct feature of the tissue—its inner-to-outer variation in
matrix composition, which results in a unique composite matrix material. The regional
heterogeneity of the ECM is thought to result from differential mechanical loading in
different zones of the tissue and is thus deemed to be functionally important. This long
held view implies that functional meniscus matrix is established through a divergent
response of local cell populations to differential forces—a fascinating mechanism that
implicates mechanical cues as drivers of proper tissue establishment through
mechanoresponse of the local cell populations. While this hypothesis has never been
rigorously tested, we highlight evidence consistent with this notion. Finally, we review
some aberrant cell and matrix properties associated with meniscus pathology and
discuss some of the proposed mechanisms for how aberrant changes in the cellular
microenvironment may lead to the tissue characteristics associated with disease.
2.2 CHARACTERISTICS OF THE MATURE MENISCUS ECM
As previously stated, the meniscus has a distinct semilunar wedge-shape,
wherein the outer part of the wedge interfaces with the periphery of the joint capsule,
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and the inner part of the wedge narrows into the joint space, where it extends to cover a
substantial portion of the tibial plateau to minimize contact stresses between the
opposing surfaces of the articular cartilage (Figure 2-1 a,b). The tissue’s geometry and
positioning within the joint subjects it to a complex mechanical loading profile. To
withstand this mechanical demand, the entirety of the meniscus is primarily composed of
extracellular matrix proteins, with fibrillar collagens (mainly Collagen I) accounting for
over 90% of the tissue dry weight (McDevitt and Webber, 1990). Importantly, the
collagen fibers are aligned into a dense, circumferential network that is a hallmark of the
meniscus structure and spans the length of the tissue between the two ligamentous tibial
insertions (Figure 2-1 a, (Andrews et al., 2013, 2017)). Such fiber organization is
paramount for meniscus function—allowing the tissue to achieve the tensile strength
needed to withstand the hoop stresses generated during the radial extrusion of the
meniscus upon compression from the tibia and femur during gait (Figure 2-1 c,
(Masouros et al., 2008)). In fact, bulk mechanical testing has shown that, in some
animals, meniscus tissue is up to 1000 times stiffer in tension than compression
(Masouros et al., 2008). Additionally, the pattern of matrix alignment is a conserved
attribute across species, underscoring its importance (Haines, 1942; Chevrier et al.,
2009; Li et al., 2015).
While a circumferential fiber alignment can be discerned throughout the radial
inner-to-outer length of the tissue, the transverse organization of the collagen bundles
decreases in the inner meniscus—transitioning to a more ‘woven’ or braided’ texture
(Kambic and McDevitt, 2005; Andrews et al., 2013). The shift in fibrillar collagen
structure in the inner portion of the meniscus wedge is paralleled by a marked increase
in proteoglycan (PG)-rich matrix. In fact, many characteristics of the inner meniscus are
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more ‘cartilage-like’ in nature—with the matrix composition enriched in Collagen-II,
Aggrecan, and glycosaminoglycans (Kambic and McDevitt, 2005; Bursac, Arnoczky and
York, 2009; Killian et al., 2010; Sanchez-Adams, Willard and Athanasiou, 2011). The
parallels between the composition of cartilage and inner meniscus matrix may be due to
their similar mechanical functions—as the inner portion of the meniscus tissue (like
cartilage) is subject to mainly compression (Ghosh and Taylor, 1987). Indeed, as in
cartilage, the Collagen-II, Aggrecan, and PG-rich matrix of the inner meniscus is able to
absorb and retain water, thus engendering the inner matrix structure with robust
mechanical properties for resisting compressive loads. (Adams and Muir, 1981; Bursac,
Arnoczky and York, 2009; Fox, Bedi and Rodeo, 2012).

Figure 2-2: Distribution of collagen and proteoglycan-rich (PG) matrix as a function of
meniscus region and age.
a) Adapted figure from Bansal et al., 2020. Coronal section of bovine meniscus wedges
from fetal and adult animals stained for collagen (aqua) and proteoglycans (red).
Visualized regions denoted in schematic. Scale: 500µm. Note the marked increase in PGrich matrix in the inner and middle regions of the adult tissue. b) Adapted figure from Han
et al., 2016 demonstrating PG matrix distribution within the circumferential fiber network
of fetal, juvenile, and adult bovine menisci.
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Importantly, it has been well documented that the inner-to-outer variation in the
meniscus matrix structure is not present in newborn animals, but rather, is established
during postnatal maturation (Ionescu et al., 2011; Qu et al., 2018; Bansal et al., 2020)
(Figure 2-2). In newborn animals, the tissue is comprised almost entirely of fibrous
matrix components. Several groups have also shown that in large animals, the
circumferential collagen network is established in fetal animals, underscoring that matrix
organization is a persistent feature throughout the growth of the tissue (Clark and
Ogden, 1983; Qu et al., 2018) (Figure 2-2 b). However, neonatal tissue is largely devoid
of PG matrix (Melrose et al., 2005; Smith, Shu and Melrose, 2010; Ionescu et al., 2011;
Bansal et al., 2020). Subsequent tissue specialization occurs through robust
extracellular matrix protein deposition by the resident cells, with PG-rich matrix
accumulation starting at the inner tip of the wedge and progressing radially outwards
with age, such that in adulthood, the inner two-thirds of the tissue has a high PG-matrix
content. Indeed, this maturation driven matrix deposition also correlates with increases
in mechanical properties of the matrix. While tissue stiffness significantly and predictably
increases in both the inner and outer meniscus regions, mechanical testing via atomic
force microscopy (AFM) has demonstrated that the inner zone is consistently less stiff
than the outer, during growth and in the mature state (Sanchez-Adams, Wilusz and
Guilak, 2013; Li et al., 2018). AFM has also been used to query properties of the
pericellular matrix (PCM), the specialized matrix layer that surrounds individual cells,
thus establishing the local cellular microenvironment. As with the global matrix
mechanical properties, PCM stiffness is greatest in the outer meniscus compared to the
inner—suggesting that the properties of the matrix that the cells directly interact with,
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and respond to, regionally vary (Sanchez-Adams, Wilusz and Guilak, 2013). In all, the
meniscus ECM accumulates and specializes considerably during growth. This results in
the establishment of a composite matrix material in the mature meniscus, with highly
anisotropic and regionally inhomogeneous ECM properties which exhibit complex
mechanical profiles at the tissue and microscale level and vary in the axial, radial, and
circumferential directions (Sanchez-Adams, Wilusz and Guilak, 2013; Freutel et al.,
2014).
2.3 MENISCUS CELLS AND THEIR MECHANORESPONSIVE PROPERTIES
Though cell density in the mature meniscus is generally very low, distinct
resident cell populations within the tissue have been appreciated. Due to their seeming
ability to produce both fibrous-like and cartilage-like matrix, meniscus cells are often
referred to as ‘fibrochondrocytes,’ and have region-specific characteristics. In the outer
meniscus, where dense circumferential fibers predominate, meniscus cells have been
described as stellate—pressed between the linear fiber arrays (Figure 2-3 a, (Verdonk
et al., 2005; Pauli et al., 2011)). Analysis of cellular cytoarchitecture using vimentin
staining revealed that outer meniscus cells exhibit long cytoplasmic protrusions, likely
resulting from impingement of the cytoplasm between dense matrix fibers. Cells of this
region also produce Connexin 43—a gap junction protein—further suggesting that outer
meniscus cells maintain a level of direct intercellular contact and signaling. In contrast,
cells of the cartilaginous inner meniscus region appear to be completely rounded and
encased in a lacunar matrix, with no observed projections (Hellio Le Graverand et al.,
2001). Interestingly, unconfined compression of isolated cells from inner and outer
regions also showed that outer meniscus cells are stiffer than ones of the inner region,
demonstrating that in addition to region-dependent matrix mechanics, resident cell
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subpopulations also exhibit varying mechanical properties at the single cell level
(Sanchez-Adams and Athanasiou, 2012). The significance of this variation in the cellular
physical properties has not been elucidated, however. Additionally, and unsurprisingly,
gene expression analysis has demonstrated that outer meniscus cells have higher
expression of genes associates with fibrous matrix assembly, while inner cells express
cartilage-associated genes (Verdonk et al., 2005; Son and Levenston, 2012), and these
two cell populations appear to respond differently to stimulation by exogenous cytokines
as well as extrinsic compressive cues (Hennerbichler et al., 2007; Fuller et al., 2012).
Thus, inner-to-outer differences in matrix composition are also mirrored by locationdependent differences in cell shape, mechanics, signaling and gene expression.
While clear that adult meniscus cells show a regional dependence, there remain
lingering questions as to whether these differences in cell phenotype arise due to
prolonged exposure to differing mechanical environments (i.e., compression within the
inner meniscus, tension within the outer meniscus) or if the meniscus is initially formed
by cells of distinct developmental lineages, such that the composite matrix structure is
achieved by contribution from distinct cell subpopulations. As will be discussed in
Chapter 4, one roadblock in answering this question is our lack of a meniscus-cell
specific ‘markers’ that can be used to adequately track tissue precursor cells throughout
development (as has been done for tendons and cartilage (Dyment et al., 2015; Decker
et al., 2017). Yet another impediment, however, is our poor understanding of the
mechanisms that regulate the process of matrix synthesis by meniscus cells. Evidence
does show that both inner and outer mature meniscus cells maintain a level of plasticity,
as both can undergo chondrogenic and adipogenic differentiation under permissive cell
culture conditions (Mauck et al., 2007). This suggests that cells of varying regions of the
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meniscus have an intrinsic capability of generating varying matrix types if a certain set of
stimuli, such as perhaps mechanical loading, is applied. Interestingly, though outer
meniscus cells are typically located within fibrous collagen-rich matrix, they have been
shown to have higher potential towards chondrogenesis, especially under applied
dynamic hydrostatic pressure, than inner meniscus cells (Zellner et al., 2015)—
suggesting that there may be intrinsic differences in meniscus mechanoresponse and
that the cellular phenotype is indeed modulated by the loading patterns within different
meniscus regions.
To that end, ex-vivo application of static and dynamic stretch and compression
has been shown to be transferred to the cellular micro-environment, with the degree to
which this occurs depending on the precise organization of the local ECM (Upton et al.,
2008; Han et al., 2013, 2014, 2016). This suggests that meniscus cells may indeed be
subject to variable external stimuli based on tissue location. Within the outer meniscus
region, where cells are within highly aligned circumferential matrix, externally applied
strains correlate with the degree of micro-scale tissue deformation—demonstrating that
tissue-scale mechanical stimuli are effectively transmitted to the cellular level (Han et al.,
2013, 2016). Interestingly, matrix regions that are enriched with proteoglycan
components seem to attenuate strain transmission and do not readily deform with the
application of stretch. Moreover, the microenvironment of the meniscus cells seems to
dictate its baseline signaling state as well as its response to applied stretch. Cells within
fibrous regions display higher baseline levels of calcium oscillation and a monotonic
increase in the number and frequency of these oscillations in response step increases of
applied static stretch. By contrast, cells encased in PG-rich matrix exhibit much lower
baseline oscillations, which remains virtually unchanged even upon large (9%) applied
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strain (Figure 2-3 b, (Han et al., 2016)). As calcium flux has been shown to be upstream
of many cellular responses (Berridge, Bootman and Roderick, 2003; Wall and Banes,
2005), these findings highlight that the differential matrix environment of meniscus cells
can modulate intercellular processes through alterations in load transmission. Indeed,
primary cilia—which are also key intracellular mechanotransducers (Spasic and Jacobs,
2017)—have been identified in meniscus cells, indicating that these cells possess
mechanosensory machinery that allow for the interpretation of mechanical inputs (Hellio
Le Graverand et al., 2001; Donnelly, Williams and Farnum, 2008). In all, analyses of
meniscus cells have demonstrated regional variation in cell phenotype and a correlation
between the cellular microenvironment and the mechanoresponsivity of the endogenous
cell populations. Yet, whether cells within different regions have intrinsic means by
which they sense and respond to mechanical cues or whether the microenvironment that
the cells establish drives changes in their perceived mechanical input and subsequent
response, remains an open question in the field.

Figure 2-3: Zonal differences in meniscus cells and cell-driven mechanism for alternate
matrix formation.
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a) Collagen (aqua) and proteoglycan (red) stained sections showing cell shape
differences in the inner and outer meniscus. Adapted from Pauli et al., 2011. b) Change in
number of cells exhibiting calcium oscillations in response to applied strain in fibrous
matrix regions (FmD) and proteoglycan-rich regions (PGmD). Adapted from Han et al.,
2016. c) Mechanism of aberrant chondrogenic PG-rich cluster formation within fibrous
meniscus matrix proposed by Hellio Le Graverand et al., 2001 (schematic adapted from
work). 1. Cell connectivity existing between cells of the fibrous matrix is perturbed. 2.
When enough connections are disrupted, groups of cells become isolated in small
clusters and this induces cell rounding and further loss of adhesion. 3. Loss of
appropriate signaling causes aberrant proliferation leading to expansion of chondrogenic
clusters containing rounded cells.

2.4 CELLULAR AND MATRIX CHANGES IN MENISCUS PATHOPHYSIOLOGY
As meniscus growth plateaus and the tissue transitions to a homeostatic state, its
material and cellular properties are thought to undergo little variation under homeostatic
healthy conditions (Ingman, Ghosh and Taylor, 1974; Ghosh and Taylor, 1987). Yet,
analysis of aged menisci in both humans and animals have shown shifts in zonal matrix
components and mechanical properties, leading to the thought that these signify the
onset and hallmarks of tissue degeneration. The most prominent of such features is the
accumulation of atypical cartilaginous deposits within the aligned fibrous outer matrix,
consisting of proteoglycan-rich matrix and rounded cell clusters (Hellio Le Graverand et
al., 2001b, 2001a; Hellio Le Graverand et al., 2001; Pauli et al., 2011; Sun et al., 2012).
Because meniscus degeneration is also associated with increased calcium content
within the fibrous matrix (Tsujii, Nakamura and Horibe, 2017), the appearance of PG-rich
cell-clusters has been suggested to indicate the potential initiation of ectopic
mineralization—beginning with chondrogenesis within the cell clusters that ultimately
leads to hypertrophy and mineral deposition (Hellio Le Graverand et al., 2001).
Interestingly, cell morphology in the aberrant proteoglycan-rich clusters has also been
described as rounded and lacking cytoplasmic cellular protrusions that are characteristic
features of typical stellate cells of the outer meniscus (Hellio Le Graverand et al., 2001).
This led Hellio Le Graverand and authors to posit that meniscal cluster formation may
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initiate with disruption of the cell-cell contacts within the fibrous collagenous matrix.
Once enough cell adhesions are broken, certain cell clusters become isolated from the
larger network, perhaps leading to aberrant increases in proliferation and proteoglycan
matrix deposition, which ultimately results in the cartilaginous nodules that have been
observed (Hellio Le Graverand et al., 2001)(Figure 2-3 c). However, this hypothesis has
remained untested, and the reasons behind the initial loss of cell contracts as well as
evidence showing that the loss of cell-to-cell connectivity within fibroblastic cell
populations induces ectopic chondrogenesis remain unverified. In all, how and why the
meniscus matrix transitions from a homeostatic to a diseased state remains unclear,
especially as it relates to the cell-mediated events that initiate the process. While
degeneration is thought to be propagated by altered tissue mechanics, work thus far has
not been able to pinpoint the early shifts in cellular behavior that may precipitate the
subsequent altered matrix deposition and organization.
2.5 CONCLUSION
As detailed in this chapter, the geometry and matrix organization of the meniscus
is uniquely designed to allow it to serve its demanding mechanical role within the joint. A
dense circumferential fibrous network allows the tissue to withstand imparted hoops
stresses during each gait cycle, while the inner portion of the wedge, which lies directly
in between the femur and the tibial, is enriched in cartilage-like matrix molecules that
serve to withstand the direct compression from the articulating surfaces. This functionally
important matrix anisotropy and regional compositional heterogeneity is ultimately
established by the resident meniscus cell population, but the mechanism by which this
happens remains unknown. It is clear, due to the unique shape and position of the
meniscus within the joint, that stresses and strains vary regionally within the tissue and
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that these mechanical cues are able to be transmitted and interpreted by mature
meniscus cells. Thus far, however, our knowledge of how meniscus cells—both in vitro
and in situ—respond to microenvironmental cues has largely derived from studies that
assess these properties after matrix specialization has occurred. Thus, it is unclear
whether naïve meniscus cell are driven towards differential matrix production because of
zone-specific mechanical cues (i.e., tension/compression), thus creating a
microenvironment that further regulates cellular mechanosensing and response, or if
meniscus cells are intrinsically different in their perception and response to mechanical
activation. Additionally, pinpointing the factors that regulate meniscus cell behavior is
critical for our understanding of pathogenesis. Ageing and degeneration appears to reactivate subsets of cells, resulting in aberrant matrix accumulation. Yet, without proper
understanding of the cell origins and the microenvironmental regulation that establishes
the homeostatic meniscus state, identifying the reason and source of the pathologic
matrix changes, as well as developing methods to prevent their progression, remains
difficult. Hence, the lingering question remains – by what process do cells direct the
assembly and achieve the precise organization that is the composite load bearing
structure of the mature meniscus, and how does the complex set of extrinsic and
intrinsic physical cues that are present during tissue formation and maturation regulate
this process. The following chapters take steps towards answering this important
question in the context of both meniscus morphogenesis and postnatal growth.
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CHAPTER 3: INTRINSIC AND GROWTH MEDIATED CELL AND MATRIX
SPECIALIZATION DURING MURINE MENISCUS TISSUE ASSEMBLY
3.1 INTRODUCTION
As established in the previous chapters, the robust mechanical performance of
knee menisci is reliant on the organization and composition of the tissue’s dense
extracellular matrix. The localization of the matrix components is precisely defined to
meet mechanical demands, with the outer portion of the wedge containing
circumferentially aligned Col-1-rich fibers while the inner portion of the tissue contains
matrix with more Col-2 with higher PG-rich content (Kambic and McDevitt, 2005; Killian
et al., 2010; Makris, Hadidi and Athanasiou, 2011; Vanderploeg et al., 2012; Andrews et
al., 2013). While the functional importance of these inner-to-outer matrix differences is
well appreciated, how such a composite ECM structure is assembled by the resident cell
population and when distinctions between these regions first arise remains unclear. In
fact, a breakdown of this regionalization, whereby PG-rich matrix appears in outer
regions normally occupied by the circumferential fibers is associated with aging and
degeneration and a loss in mechanical integrity (Marie Pierre Hellio Le Graverand et al.,
2001a; M. P. Hellio Le Graverand et al., 2001b, 2001a; Pauli et al., 2011; Han et al.,
2016; Kwok et al., 2016). Thus, determining how a regionally distinct ECM is assembled
may not only shed light on principles driving the formation of complex composite ECM
structures, but also may illuminate operative mechanisms of meniscus pathogenesis and
guide therapeutic intervention.
Though the mature meniscus has a relatively low cell content, the assembly,
organization, and maintenance of the complex ECM network is ultimately a cellmediated process. Yet, whether the divergent matrix synthesis in the inner and outer
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region is due to an adaptation of local cells to differential biophysical cues or if these
regions represent distinct subpopulations of meniscus cells that are pre-fated towards a
more chondrogenic or fibrogenic phenotype is not yet known. Interestingly, embryonic
and neonatal menisci of large animals are mostly fibrous, and PG enrichment in the
inner ECM region occurs gradually during postnatal growth (Melrose et al., 2005; Smith,
Shu and Melrose, 2010; Ionescu et al., 2011; Di Giancamillo et al., 2014). Because the
early period of postnatal tissue growth coincides with the time at which animals become
increasingly motile, and PGs are crucial for effective dissipation of compressive loads
(as in articular cartilage), a prevailing theory is that inner region synthesis of cartilagelike ECM is a response of the local inner meniscus cells to compressive forces. Indeed,
cells within inner and outer meniscus regions show varied morphology and expression
signatures, and growing evidence suggests that the cellular microenvironment –
including its composition, topology, stiffness, and subjection to extrinsic forces – is a
significant contributor to directing and maintaining cellular phenotype (M P Hellio Le
Graverand et al., 2001c; Son and Levenston, 2012; McNulty and Guilak, 2015; Kumar,
Placone and Engler, 2017). Thus, given the intense biophysical environment of
meniscus cells (dense, stiff, aligned surrounding ECM, presence of extrinsic mechanical
tension/compression during gait), phenotypic regulation of these cells by their external
environment (mechanoresponse), would seem likely (McNulty and Guilak, 2015). On
the other hand, lineage tracing studies using mouse models have suggested that cells
within the meniscus are of mixed origin, indicating that spatial differences in ECM
synthesis by cells may be specified by cell patterning during tissue formation (Hyde,
Boot-Handford and Wallis, 2008).
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Understanding if and how feedback between meniscus cells and the evolving
extracellular environment ultimately gives rise to the mechanically viable tissue structure
requires concurrent assessment of regional changes in cellular phenotype and matrix
properties across the timespan of tissue growth. Thus, mouse models are good
candidates for such work, given the animals’ relatively quick maturation process (3
months), the ability to do genetic alterations, and the potential for pharmacologic and
surgical perturbation. However, while generation timelines of murine meniscus growth
exist, and murine models have provided valuable insight into molecular contributions to
meniscus formation (Hyde, Boot-Handford and Wallis, 2008; Pazin et al., 2014; Shwartz
et al., 2016; Gamer et al., 2017, 2018; Gamer, Xiang and Rosen, 2017), studies that
track maturation driven cellular and matrix changes at the same timepoints are lacking.
To that end, this chapter will outline the process of spatiotemporal specialization of the
developing murine meniscus ECM in parallel with the time-evolving molecular profiles of
the resident cell subpopulations in the late embryonic and early post-natal time frame.
This work establishes a detailed timeline of the concurrent spatiotemporal changes that
occur at both the cellular and matrix level throughout meniscus maturation, providing a
foundation for elucidating the regulatory feedback loop between the mechanical and
structural features of the ECM microenvironment and endogenous cellular phenotypes.
3.2 MATERIALS AND METHODS
3. 2.1 Animals
All animal housing, care, and experiments were performed in accordance with the
UPenn IACUC (protocol# 806669). All maturation experiments were done using the
Col1-YFP/Col2-CFP/Col10-mCherry triple transgenic line (Maye et al., 2011; Dyment et
al., 2015; Utreja et al., 2016). These CD1 background strain mice contain 3 transgene
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insertions: (1) a 3.6KB fragment of the Col1a1 promoter driving the expression of the
YFP gene (Tg(Col1a1*3.6-Topaz)2Rowe)(Kalajzic et al., 2002), (2) Col2a1 promoter
driving the expression of the CFP gene(Tsumaki et al., 1999; Chokalingam et al., 2009;
Maye et al., 2011), and (3) the Col10a1 promoter driving the expression of the mCherry
fluorescent protein gene (Tg(Col10a1-mCherry)3Pmay/J)(Maye et al., 2011). To provide
examples of other fluorescent reporter mouse models that could be useful for meniscus
research, the Scleraxis-GFP (Pryce et al., 2007; Blitz et al., 2009), Col6a1-GFP (STOCK
Tg(Col6a1-EGFP)JB13Gsat/Mmucd from MMRRC), and Col1-CFP/Dkk3-GFP (Utreja et
al., 2016) transgenic mouse models were used.
3.2.2 EdU labelling
For analysis of cell proliferation, animals were weighed and injected with 3 µg/g 5ethynyl-2’-deoxyuridine (EdU) for two consecutive days prior to the P4, P14, and P28
sacrifice time points. Three animals per time point (1 limb/animal) were sectioned (see
“Tissue sectioning”), stained using the CalFluor 647 Azide Kit (Click Chemistry Tools,
Cat#: 1372), and imaged (see “Fluorescent tissue imaging/fluorescence image
analysis”).
3.2.3 Tissue harvesting
For tissue growth measurements, EdU labeling analysis, SHG imaging, and fluorescent
reporter imaging, animals were euthanized, hindlimbs were disarticulated, and the skin
was removed. Knee joints were fixed in 10% neutral buffered formalin for 2 days at 4°C,
followed by a 1day incubation in 30% sucrose at 4°C, after which samples were
embedded and frozen in OCT. n=3 animals/age (E17.5-4mo) was harvested for analysis.
For laser capture microdissection/gene expression analysis, hindlimbs were harvested at
P0, P14, P28, and quickly transferred to a 4% phosphate-buffered paraformaldehyde
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(PFA) solution and fixed at 4°C on a shaker for 2 hours. Samples were then quickly
rinsed in ice-cold RNAse free PBS and embedded in OCT to minimize RNA degradation
(n=4 animals/timepoint). For histologic analysis, tissues were fixed in 4% PFA for 2 days
at 4°C. Samples were then decalcified in a 10% EDTA/2% PFA solution that was
changed every other day. P0-P7 samples were decalcified for 4 days and P14-P28
samples for 14 days, prior to paraffin embedding using a tissue processor (n=3
animals/timepoint).
3.2.4 Tissue sectioning
Knee joints were serially sectioned from the patellar tendon through the posterior medial
meniscus horn in the coronal plane. Care was taken to maintain the sectioning plane
consistent between samples to ensure accurate comparison between samples. Sections
were also monitored to ensure that the medial and lateral anterior meniscus horns were
in the same sectioning plane (proper medial/lateral alignment) and that the full length of
the MCL was visible in more posterior regions of the knee (no anterior tilting of the
femur/tibia). Sections containing the body of the medial meniscus were then selected
from the serial sections based on the triangular shape of the tissue, and only samples
where proper alignment could be achieved were used for further analysis. OCTembedded

Col1-2-10

fluorescent

reporter

(and

EdU

labelled)

samples

were

cryosectioned using cryofilm 2C (Section-lab Co), at a thickness of 8µm (Dyment et al.,
2016). Samples used for LCM analysis were collected (8µm) using the CryoJane tapetransfer system (Electron Microscopy Science, Cat#: 62800). Paraffin section thickness
was 5µm.
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3.2.5 Histology
For each stain, paraffin sections for each time point were stained together for
consistency. For proteoglycan content assessment, Alcian Blue (1%, pH 2.5, Rowley
Biochemical), Toluidine Blue (0.025% solution, Sigma 364-M), or Safranin-O solution
(0.2%, Sigma S2255) were applied using standard protocols. Alcian blue stained
sections were counterstained with either Nuclear Fast Red (Electron Microscopy
Sciences, 26078-05), or Picrosirius Red (0.1%, Rowley Biochemical SO-674). For
Safranin-O, a 0.05% Fast Green Solution (Fisher Scientific, F99-10) was used as a
counterstain for collagen/fibrous tissue content. Slides were imaged using a Zeiss Axio
Scan.Z1 slide scanner using a brightfield setting and a 20X objective. Only medial
menisci were used for analysis.
3.2.6 Fluorescent tissue imaging
Sections were fixed to glass slides using a Chitosan adhesive and the full knee joint
was imaged using the Zeiss Axio Scan.Z1 slide scanner using a 10X objective and the
Colibri 7 LED illumination source. For EdU imaging, 2-3 non-adjacent stained sections
from the meniscus body were counterstained with Hoechst 33342 and imaged using the
darkfield, DAPI, and Cy5 emissions filter channels. For Col1-2-10 fluorescent reporter
sections, all sections were counterstained with TOPRO-3 (ThermoFisher, Cat#: T3605).
Samples from each age (E17.5-4mo) were imaged at the same time, with the same
image settings (LED intensity, exposure times) to ensure fluorescent intensity
comparisons between ages could be made. Darkfield, CFP, YFP, RFP, and Cy5
channels were imaged (to define tissue boundary, Col2 reporter, Col1 reporter, Col10
reporters, and nuclei, respectively). For all samples, at least 3 sections/knee joint were
imaged for analysis, with no two sections adjacent to one another in the series of serial
sections, to avoid analysis of the same cells (n=3 animals/age).
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3.2.7 Meniscus shape measurements
All image processing was performed with Fiji software (Schindelin et al., 2012). Darkfield
and Cy5 (nuclei) channels of medial meniscus images were stacked, cropped, and
rotated such that the edge of the tissue closest to the tibia was oriented parallel to the xaxis. Darkfield images were used to outline the meniscus boundary and the “Measure”
tool used to determine the cross-sectional area. Meniscus length (ML) was determined
by drawing a segment with the line tool parallel to the tibial meniscus edge from the
inner to outer tip. Medial height (MH) was determined by drawing a line segment
perpendicular to the ML line segment from the outer point of the tibial edge of the tissue
to the highest point in the meniscus outline. For tibial length, a line segment along the
medial tibial plateau was drawn up to the site of the intra-articular ligament insertion, and
the length measured. To calculate % tibial coverage of the meniscus, two perpendicular
line segments to the tibial length segment were drawn: one that intersected the inner tip
of the meniscus, and one that intersected the outer edge of the tibia. The distance
between these two perpendicular lines was measured, and divided by the total
measured length of the tibial plateau. Nuclei within the selected meniscus boundary
were masked, and counted. Cellular density, within a section, was calculated as the
number of counted nuclei per measured cross-sectional area. For inner and outer area
and density measurements, the midpoint of the meniscus length line segment was used
to split the cross section in half and outline the inner and outer area. Area and cell
density measurements were then repeated as described in the two regions. For all
measurements, 3 sections were measured and averaged per animal, and the average
values for 3 animals per time point (mean ± st. dev.) are reported.
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3.2.8 Second harmonic generation (SHG) imaging
All imaging was done using the Leica SP8 2-Photon Microscope with a 20X water
immersion objective at the Penn Vet Imaging Core. For whole tissue imaging, the medial
meniscus was dissected from formalin-fixed knees at indicated time points, incubated in
TOPRO-3 (1:1000 dilution in 0.02% Triton-X/PBS solution) for 2 hrs-overnight on a
shaker at room temperature, and pressed between two No. 1 glass coverslips such that
the circumferential fibers lay parallel to the imaging plane for optimal signal detection. A
2-photon laser (adjusted wavelength: 860nm) with activated forward scatter second
harmonic generation (SHG) was used to simultaneously capture collagen fibers and
stained nuclei throughout a 40-90µm tissue depth, with a step-size of 0.5-1µm. Laser
intensity and gain was adjusted between ages to better the quality of the SHG signal for
fiber visualization. For comparison of SHG signals between menisci of different ages,
laser intensity was kept constant, and the tissues being compared were imaged on the
same day. For SHG imaging of tissue sections, z-stacks (1µm z-height) of the 8µm
sections prepared for fluorescence imaging (see below) were scanned using forward
scatter SHG along with TO-PRO3 imaging of cells, with all imaging parameters (laser
wavelength, power, gain) kept constant during imaging. Maximum intensity projections of
the stacks are presented in. When appropriate, brightness and contrast settings were
further adjusted in Fiji software for better signal visualization.

3.2.9 Laser capture microdissection (LCM)
Sections (on CryoJane slides) were dehydrated through an ethanol gradient and dried
immediately with xylene prior to laser microdissection. The Arcturus XT Laser Capture
Microdissection (LCM) System (ThermoFisher Scientific) mounted on a Nikon Eclipse Ti
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inverted microscope (10X, brightfield) was used to outline regions of interest for
collection, microdissect the selected region using the Arcturus IR laser, and collect
dissected tissues off of the slide using the CapSure Macro LCM caps (ThermoFisher,
Catalog # LCM0211). For the meniscus, the midpoint of the coronal length was
approximated, and served as the boundary between the inner and outer meniscus
regions selected for collection. For the articular cartilage (AC), only the superficial 3-4
cell layers (cells that remain non-hypertrophic throughout maturation) were selected for
collection at each age (P0, P14, and P28) and only from the medial femoral condyle
adjacent to the medial meniscus. MCL samples were collected from the midsubstance.
After tissue collection, caps were checked under the 10X brightfield microscope, and any
debris picked up during collection was removed by placing the cap on a light adhesive
surface. Prior to collection, the average number of cells per region of tissue collected per
section at each age was calculated, and the number of sections per animal per age for
each tissue was adjusted such that the total number of cells collected for each tissue
sample was approximately equal. In total, 48 samples were collected (4 tissues types x 3
ages x 4 biological replicates).
3.2.10 LCM tissue processing for gene expression analysis
Digestion: Film containing LCM microdissected tissues was detached from caps,
and submerged in digest solution containing 1X Digest Buffer (Zymo Research, Cat#:
D3050-1-5) and supplemented with 1mg/mL Proteinase K (Zymo Research, Cat#:
D3001-2-5) for 1 hour at 55°C. Samples were then transferred to 65°C for 15 min. to
further de-crosslink the sample.
cDNA preparation and preamplification: RNA isolation of digested samples was
performed using the Quick-RNA MicroPrep kit (Zymo Research, Cat #: R1050). In30

column DNAse-I treatment was performed for trace DNA removal before eluting RNA.
Prior to cDNA synthesis, a second DNAse digestion was performed on the total eluted
RNA volume (16µL) to remove gDNA using the ezDNAse kit (ThermoFisher, Cat#:
11766051) according to the manufacturer’s protocol. For cDNA synthesis, SuperScript
IV VILO Master Mix (ThermoFisher, Cat#: 11756050) was used with 16µL of DNAse
treated RNA elute for a 20µL reaction volume, and RT-PCR was run according to the
manufacturer’s protocol. Generated cDNA was then pre-amplified for the specific 96
gene targets. A primer pool containing the 20X Taqman primers (FAM-MGB probes) of
all assessed genes (see Appendix A-1 for gene names and assay ID numbers) diluted
1:100 (0.2X) in DNA suspension buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA) was
generated. The Fluidigm Preamp MasterMix (PN#: 100-5580), primer pool, and DNAse
free water were combined with 2µL of cDNA from each sample for a 5uL reaction
volume. Samples underwent 15 cycles of preamplification according to the
manufacturer’s protocol, and the resultant cDNA was diluted 1:5 in the DNA suspension
buffer.
3.2.11 Fluidigm gene expression chip and data post-processing
Gene expression: qPCR of LCM-collected samples was performed on the
Fluidigm Biomark HD at the Penn Genomic Analysis Core using a Fluidigm Dynamic
Array IFC (PN#: BMK-M-96.96) loaded with pre-amplified cDNA (see above) for the 48
samples and 20X Taqman probes (96 genes total, full list of surveyed genes is indicated
in Appendix A-1). Brightfield images of the Fluidigm chip were used to detect bubbles in
the reaction wells and excluded from the analysis. Sample measurements for 18S (one
of the 3 housekeeping genes) was excluded due to their low raw CT values, indicating
that cDNA levels were outside the dynamic range of the probe. Habp2 and Cdh3 were
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also excluded due to undetected measurements in ~90% of the samples. In all, of the
total 4608 reactions, 481 were excluded due to technical issues. To account for variation
in total RNA in used for each sample, DCT values were used to compare gene
expression across samples. To calculate DCT values, the CT value for each gene of
interest measured for a particular sample was subtracted from the average CT value of
two housekeeping genes (Abl1, Rps17). For instance, for a particular tissue sample,
“A”, the DCT for a gene “X” (

) was calculated as follows:

For DDCT calculations, a gene’s DCT value for the outer meniscus in a sample was
subtracted from the DCT value for that gene measured in the inner meniscus of that
same sample. For DDCT calculations, a gene’s DCT value for the outer meniscus in a
sample was subtracted from the DCT value for that gene measured in the inner meniscus
of that same sample.
Principal component analysis (PCA): For PCA and hierarchical clustering, DCT
values for all genes (excluding the housekeeping genes) were put into ClustVis (Metsalu
and Vilo, 2015). All pre-processing parameters, as well as the PCA of the dataset are
saved in ClustVis under the settings ID: ZVWcdeVCNTbyVyJ. A threshold of 25% for
missing values was set for both the rows and columns, which excluded Acta2 and
Adamts5 from the gene set and excluded 5 samples from the 48-sample set. For PCA of
just the inner and outer meniscus, AC and MCL samples were filtered out and similar
thresholding applied in ClustVis (settings ID: KRukrmwSSrKohHE). All plotting was done
using custom R scripts using ‘ggplot2’, ‘rgl’, and ‘Rcmdr’ packages.
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3.2.12 In situ hybridization staining
In situ hybridization was performed using RNAscope, as previously described (Koyama
et al., 2021). Briefly, RNAscope was carried out using RNAscope2.5 HD Detection
reagent-RED (Advanced Cell Diagnostics, Newark, CA, USA) to visualize the expression
of tenomodulin (Tnmd, Cat#: 430531) and collagen type I alpha 1 chain (Col1a1, Cat#:
319371) in mouse knee joints at age of P14 and P28. Knee sections were pretreated
with a custom reagent (Cat#: 300040) and hybridized with each probe for 2 hours at
40°C in a custom oven. Signal was amplified with pre-amplifier and multiple amplifier as
per manufacturer’s protocols, and final signal was detected by incubating slides (~3min)
at room temperature with a Fast Red substrate. Adjacent sections were hybridized with
positive (Cat#: 313911) or negative control probes (Cat#: 310043) to insure signal
specificity. Sections were counterstained with hematoxylin, dried, and sealed with
Permount (Thermo Fisher Scientific).
3.2.13 Fluorescent image analysis
Fiji software was used for all image processing and fluorescence quantification.
The darkfield channel and selection tool was used to segment the medial meniscus
boundary and remove any other tissue from the field of view. The nuclei were then
identified via intensity thresholding and masking for each image. The ‘analyze particles’
function was then used to count cells in each section, and determine the mean intensity
within the nuclear mask of each cell for the other fluorescence channels of interest (Cy5Calfluor EdU or CFP, YFP fluorescent reporter).
For quantification of EdU labelling, a positive EdU signal fluorescence threshold
was determined for each biological sample, the number of positive cells (in all sections
for each sample) counted, and percentage (of total counted cells for all sections of the
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same sample) determined. This “% positive EdU cells” ratio was reported for each
animal (n=3) at each time point (P4, P14, P28).
For characterization of Col1-YFP and Col2-CFP single cell reporter expression
patterns, segmented meniscus images were rotated such that the tibial edge of the
meniscus wedge was parallel to the x axis. The x coordinates of all nuclei were recorded
and scaled to the total coronal length of the tissue, such that the inner-to-outer position
of each cell was mapped. 3 sections for n=3 biological replicates at each timepoint (P04mo.) were quantified. For analysis of fluorescent reporter expression in single cells, all
the cells from 3 sections of 3 biological replicates were pooled for each timepoint and
plotted. The total number of cells analyzed per time point was as follows: n=777 (E17.5),
n=888 (P0), n= 1234 (P7), n=1105 (P14), n=2148 (P21), n=1122 (P28), and n=888 (4
mo.). For inner and outer region analysis, cells with x coordinates between 0-0.33 (outer
third) were analyzed as ‘outer’ and those with coordinates between 0.66-1 as ‘inner,’ to
further segregate the two subpopulations. To assess variance of inner and outer cell
CFP and YFP co-expression, n=140 cells for each region at each age were randomly
selected for the pooled data set, to account for the difference in cell numbers between
the inner and outer meniscus. This process was repeated 10 times to ensure
repeatability of results (data not shown).
To categorize each meniscus cell as ‘negative’, ‘CFP+’, ‘YFP+’, or ‘CFP+;YFP+’,
YFP and CFP intensities in articular cartilage (a control CFP+, YFP- tissue) and MCL (a
control YFP+, CFP- tissue) cells were measured for each section of each knee joint
sample analyzed, using the same method as what is described for the meniscus.
Meniscus cells within the section were then defined as follows: a CFP+ cell is one where
the average CFP fluorescence intensity that is higher than the 3rd IQR (interquartile
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range) of what was measured in MCL cells, and a YFP+ cell is one where the average
YFP fluorescence intensity is higher than the 3rd IQR of what was measured in AC cells
of that same section. If a cell was both CFP+ and YFP+, it was grouped into the double
positive category. Conversely, if neither threshold was achieved, a cell was labeled as
‘negative.’ 3 sections for each biological replicate were analyzed. n=3 biological
replicates per timepoint were assessed. All analysis and plotting was done using custom
R scripts using the ‘ggplot2’ package.
3.2.14 Statistics
All growth parameters (n=3 biological replicates per age group) were assumed to
be normally distributed and compared via 1-way ANOVA with Bonferroni post-hoc
analysis (

=0.05). For comparison of percent abundance of reporter subpopulations in

the inner and outer meniscus with age, a two-way ANOVA with Bonferroni post hoc
comparison was used to determine significant differences between inner and outer
regions (

=0.5). All ANOVAs were performed in Prism 5 GraphPad commercial

software.
For comparison of principal component scores and gene expression, the
Shapiro-Wilkes normality test was used to determine the need for non-parametric
testing. As such, all gene expression data was analyzed using Kruskal-Wallis analysis of
variance, with a subsequent Dunn’s Test for multiple comparisons (

=0.05) with a

Bonferroni adjustment used to compare distinct groups. DDCT gene differences in IM
samples compared to OM at each age were compared by one-sample t-tests (
). All analysis was done using custom R scripts employing the ‘rstatix’ package.
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3.3 THE MURINE MENISCUS EXHIBITS BIPHASIC GROWTH PATTERNS DURING
THE EARLY POSTNATAL PERIOD.
We began our analysis of tissue maturation by quantifying the growth
characteristics of the body region of the meniscus from embryonic formation (E17.5) to
adulthood (4 months). Our specific focus was on the first 4 weeks of postnatal growth
(P0-P28), the time period over which the cross-sectional area of the meniscus increases
to ~85% of its adult state. Because of the unique semilunar, wedge-shaped geometry of
the tissue, we performed our analysis in the coronal plane, where the meniscus crosssection could be observed relative to the adjacent tissues within the joint space (Figure
3-1 a). Importantly, this resulted in the inner and outer regions of the tissue being
visualized within a single sectioning plane (Figure 3-1 a; Appendix A-2 a). We noted a
rapid increase in coronal cross-sectional area from E17.5 to P14 – especially in the outer
half of the tissue – followed by a plateau in the growth rate (Figure 3-1 b,c; Appendix
A-2 b), consistent with previous observations(Gamer, Xiang and Rosen, 2017). Notably,
the expansion of the meniscus wedge was asymmetric, as the ratio of height to length
decreased with time. This was mirrored by an increase in the tibial plateau coverage –
indicating a lengthening of the tissue towards the midline of the joint (Figure 3-1 d;
Appendix A-2 c, d), as occurs in humans (Clark and Ogden, 1983). While the tibia also
widened with age, it did so at a different rate than the meniscus lengthening, leading to a
non-linear increase in the tibial plateau coverage with age (Figure 3-1 d, Appendix A-2
d). Observed growth in both the inner and outer regions was largely not due to cellular
proliferation, as evidenced by the low number of proliferating cells over this time period
and the decrease in cellularity (Figure 3-1 e,f; Appendix A-2 b). With respect to growth
kinetics, all measured parameters followed a similar trajectory, with the most significant
changes detected between P0 and P14, followed by a plateau from P14 onwards.
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Together, these initial studies point to two distinct growth phases of the mouse
meniscus, with the early postnatal stage (P0-P14) characterized by rapid shifts in tissue
size, shape, and cellularity, and the later postnatal stage (P14-adulthood) exhibiting only
modest changes in these parameters.

Figure 3-1: The murine meniscus undergoes dramatic growth and shape changes during
the first month of postnatal growth.
a) (left) Schematic of the transverse view of the meniscus tissue, demonstrating the plane
in which the stereotypic semilunar structure, and circumferential collagen fibers, can be
visualized. Red box indicates the meniscus ‘body’ region analyzed in this study. (right)
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Schematic of the coronal view of the knee joint, indicating the location of the meniscus
relative to other important load bearing structures of the knee. AC: articular cartilage;
MCL: medial collateral ligament; CL: cruciate ligament. ML, MH length and height of the
meniscus coronal cross-section, respectively. See figure supplement for full
measurement annotation. b) Growth and shape change of the meniscus demonstrated
through coronal-plane meniscus sections at specified timepoints, counterstained with
DAPI (magenta). Yellow outline indicates meniscus cross-section. Scale bar: 100µm. c,d)
Quantification of meniscus tissue growth and elongation into the joint space: (c) coronal
cross sectional area, (d) ratio of meniscus height to its length (blue line, MH/ML) and
percent of the medial tibial plateau covered by the meniscus (grey line, %tibial coverage).
e) Number of cells per 50µm2 of the total cross sectional area. f) Percentage of cells per
cross-section positive for EdU staining, indicating proliferative cells. Mean ± sd from 3
biological replicates per timepoint indicated (c-f). **: p<0.01; ***: p<0.0001, ns: not
significant by one-way ANOVA with Tukey post-hoc.

3.4 REGION-SPECIFIC MENISCUS MATRIX STRUCTURE AND COMPOSITION IS
PRESENT AT BIRTH AND EVOLVES WITH MATURATION.
The above data support that, consistent with other fibrous tissues, postnatal
meniscus expansion occurs as a consequence of ECM accumulation rather than cell
proliferation (Grinstein et al., 2019). To evaluate ECM content and structure during
growth, we assessed proteoglycan distribution (via histological staining) and organized
collagenous matrix (via both histological staining and second harmonic generation
(SHG) multiphoton imaging). At birth (P0), proteoglycans were already enriched in the
inner portion of the tissue, while collagen staining was strongest in the outer region
(Figure 3-2 a,b; Appendix A-3 b). SHG imaging at this early time point revealed that
highly aligned circumferential fibers were evident at birth as well and were restricted to
the outer region (Figure 3-2 c). Interestingly, while proteoglycan distribution remained
similar at P7, fibrillar collagen rapidly accumulated in the inner region during the first
week of growth (Figure 3-2 c). Over this same timeframe, cells in both regions became
increasingly encased in fibrillar matrix, such that individual lacunae could be observed
(Appendix A-3 e). At later stages of maturation (P14-P28), a dense, circumferential
fibrous matrix was well established throughout the meniscus body (Figure 3-2 b;
Appendix A-3 c,d). By P14, the proteoglycan-rich inner margin (seen at P0-P7) was
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less distinct. Rather, at this later stage, proteoglycans were most evident in the
pericellular space (Figure 3-2 a; Appendix A-3 b). This pericellular proteoglycan-rich
matrix percolated outward with maturation, such that by P28, cells throughout the
meniscus body showed dense local proteoglycan staining (Figure 3-2 a). As mouse
pups become increasingly motile after P7, the presence of proteoglycans in the outer
meniscus at later stages of maturation may indeed indicate a shift in cellular matrix
synthesis in response to larger portions of the meniscus undergoing compressive
loading. Additionally, given the increased abundance of dense fibrillar matrix with
growth, the localization of the proteoglycan staining around the cells may be the result of
the collagen matrix restricting newly synthesized ECM components to the pericellular
space. Taken together, these data indicated that by birth, cells of the inner and outer
meniscus already reside in microenvironments of distinct structural and molecular
composition, that continue to evolve as the tissue grows and accrues a dense fibrous
matrix topology.
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Figure 3-2: Distribution and organization of matrix components shift rapidly with age.
a) Representative histological stain images of P0, P14, and P28 menisci showing codistribution of collagen (Picrosirius Red, PSR) and proteoglycan (Alcian blue, AB) matrix
components, and adjacent sections stained for AB and counterstained with nuclear fast
red (AB/NFR) to show the localization of the proteoglycan matrix around cells. Scale bar:
50µm. Black arrowheads indicate location of the inset panels shown in b). c) Second
harmonic generation imaging (SHG) for visualization of fibrillar collagen matrix in coronal
sections (left) and dissected menisci imaged in the plane of the circumferential fibers
(right) at P0, P14, P28. White dashed line in the right P0 panel indicates the inner tissue
boundary. An absence of SHG signal is noted within the inner region of the P0 meniscus
(left: blank arrowhead, right: region proximal to white dashed line) compared to the outer
region (left: white arrowhead, right: circumferential outer fibers). SHG signal within the
inner region of the tissue appears at P7 and P28 (white arrowheads). Due to the extreme
changes in aligned collagen content, laser settings were not kept equivalent between
ages for visualization purposes, such that pixel intensity scales are not equal between
the images.

3.5 REGIONAL TRANSCRIPTIONAL PROFILES BECOME MORE DISTINCT DURING
MENISCUS MATURATION.
Our detailed analysis of tissue growth and ECM accumulation revealed both
innate and maturation driven distinctions in the inner and outer meniscus cellular
microenvironments. To explore how changes in resident cell phenotype beget these
compositional distinctions, we compared the gene signatures of inner and outer
meniscus cells to that of cartilaginous and ligamentous cells as a function of age. To do
so, we used laser capture microdissection (LCM) to isolate inner and outer meniscus
tissues (IM and OM), as well as adjacent articular cartilage (AC) and medial collateral
ligament (MCL), from P0, P14, and P28 knee joint sections. Given the fibrocartilaginous
nature of the meniscus, incorporating the AC and MCL into our analysis provided
cartilaginous and ligamentous tissue benchmarks against which meniscus tissue regions
could be compared. Using a custom microfluidic qPCR array, we assessed the
expression of 93 select genes (representing collagens, proteoglycans/glycoproteins,
ECM-remodeling factors, connective tissue transcription factors, cell-ECM interaction
proteins, and mechanotransduction and nuclear envelope components, see Appendix
A-1) (Figure 3-3 a).
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Principal component analysis (PCA) of the dataset revealed that the first three
components accounted for ~64% of the total variance across tissue and age, and
mapping of these principal components (PCs) showed the largest delineation was
between articular cartilage and the rest of the tissues (Figure 3-3 b). Genes with some
of the lowest (Tnmd, Thbs4, Col1a1) and highest (Col2a1, Col10a1, Trpv4) PC1 loading
values were genes typically associated with ligament and cartilage, respectively (Figure
3-3 c, Appendix A-4 a,b) (Clark et al., 2010; Caceres, Pfeifer and Docheva, 2018). In
general, established ECM markers (Col1a1, Col2a1, Acan, Prg4, Tnmd) followed
expected patterns, with Col1a1 and Tnmd being more highly expressed in the meniscus
and MCL than in articular cartilage, while Col2a1, Acan, and Prg4 showing the opposite
trend (Appendix A-4), at all ages. These data confirmed that our analysis could detect
the divergence of tissue phenotypes. Hierarchical clustering also confirmed that AC
samples, at all timepoints, clustered away from the MCL. The meniscus, on the other
hand, fell between these two extremes, depending on zone and age (Figure 3-3 d,
Appendix A-5 a). Specifically, the outer meniscus (OM) grouped with the MCL at all
ages, while the inner meniscus (IM) initially clustered with the MCL and OM at P0
(Figure 3-3 d, red lines), but shifted towards the AC cluster as the tissue matured (P14,
P28). When we ran the cluster analysis at each age (thus removing age as a variable),
we saw that the IM shifted increasingly toward AC with age (Appendix A-5 b). This
transition in the IM transcriptional profile supports the idea that the inner meniscus gains
a more cartilage-like phenotype as the tissue matures and suggest that P14 is the age at
which this transition occurs.

41

Figure 3-3: Comparison of fibrous and cartilaginous expression profiles across the knee
joint during postnatal growth.
a) Schematized approach to gene expression analysis (full procedure in methods).
Articular cartilage (AC), outer meniscus (OM), inner meniscus (IM), and medial collateral
ligament (MCL) for P0, P14, and P28 animals (n=4 per time point) were isolated for each
knee joint of each animal via laser capture microdissection (LCM). Expression of the
selected 96 genes (Table 1) was measured using the Fluidigm 96.96 gene expression
array, and is reported as delta-Ct (∆Ct) for each sample. b) Principal component analysis
(PCA) of the data represented by mapping principal component scores for tissues of all
age groups along the major principal component (PC) axes. Percent of described total
variance by each PC is listed in parentheses. Concentration ellipses for each tissue are
shown via clustering. c) (Left) PC1 scores compared for tissues at each time point.
Kruskal Wallis analysis with a Dunn post-hoc test with Bonferroni p-value correction was
used to statistically compare groups. *: p<0.05, **: p<0.01. (Right) Ranked PC1 loading
values for analyzed genes, listing the 6 highest (Col2a1 highest on list) and 6 lowest
(Tnmd lowest on list) valued genes. d) Heatmap of ∆Ct values for genes listed in c) along
with the resultant hierarchical clustering based on all measured genes (86 total, after
sample exclusion due to technical errors), color coded by tissue type and age, as
denoted at the top heatmap. Dashed vertical line indicates the split of samples based on
first clustering event. For the heatmap with a full gene list used in the PCA/cluster
analysis, see Appendix A-5a.

The initial PCA and hierarchical clustering indicated a shift in phenotype of inner
meniscus cells with age, prompting us to further investigate this regional specialization.
We conducted PCA on just the inner and outer meniscus samples to eliminate the
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possibility that the outcomes were skewed by the difference of the AC samples from the
rest of the dataset. PC1 scores significantly differed between the IM and OM at all
timepoints, indicating that PC1 captured the variation between the two regions with age
(Figure 3-4 a). As before, genes associated with ligament and cartilage tissues
appeared at the extrema of the meniscus-specific PC1 loading values, with Col2a1,
Col10a1, Ctgf having the highest scores and Myl9, Thbs4, and Tnmd having the lowest
scores. Importantly, only P0 IM samples clustered with the OM samples, while 2 of 3
P14 and all of the P28 inner meniscus samples grouped separately –further
emphasizing the emergent differences between the inner and outer meniscus with age
(Figure 3-4 a,b).
Although an array of gene/molecule categories were included in the analysis
(Appendix A-1), the largest differences in the inner to outer meniscus expression
profiles were mostly in ECM constituents (Figure 3-4 c). Interestingly, the inner
meniscus had higher expression of several matrix metalloproteinases (Mmp13, Mmp9),
with Mmp13 being elevated in the inner relative to the outer region, even at birth, and
both MMPs were enriched in this region by P28. N-Cadherin (Cdh2) expression was ~4fold elevated in the inner regions relative to the outer zones of these same samples. The
inner region also had much lower levels of classic ligamentous markers that were
abundant in the outer meniscus, including Tnmd, Thbs4, and Mkx (Mohawk, a
transcription factor associated with ligament and tendon growth and development (Ito et
al., 2010; Liu et al., 2010); Appendix A-6). In many cases, these differences became
more apparent with age, and once again pointed to a potential adaptation of resident
meniscus cells to a differentially maturing extracellular matrix and loadbearing
environment.
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Figure 3-4: Gene expression signatures show specialization of the inner and outer
meniscus during postnatal growth.
a) PC1 scores for a PCA run on just the inner (IM) and outer (OM) meniscus samples. *:
p<0.05; ***: p<0.001 by Student’s t-test. Dashed line indicates trend towards significance
(p=0.09). b) Hierarchical clustering of IM and OM P0, P14, and P28 samples, as in Fig. 3d,
with the separation of samples by the first clustering event denoted by the dotted line.
Heat map represents ∆Ct values for the highest and lowest scoring PC1 genes from a). c)
∆∆Ct values, ((∆Ct of IM)-(∆Ct of OM) for the same sample) for genes with higher IM
expression relative to OM (top) and visa versa (bottom). Red line denotes no difference in
expression (0). Mean ± sem shown. # indicates a significant deviation of the ∆∆Ct from 0
(i.e. a difference between the IM and OM ∆Ct values), as assessed by a one-sample t-test,
#:p<0.05; ###:p<0.001.

3.6 FLUORESCENT COLLAGEN REPORTERS HIGHLIGHT SINGLE-CELL SPATIAL
HETEROGENEITY IN EXPRESSION DURING REGIONAL SPECIALIZATION OF THE
MENISCUS
While expression analysis revealed divergence of meniscus regions throughout
maturation, this approach only surveyed the tissue at two week increments and used
bulk measurements of all cells within selected regions. To increase the resolution of
these spatiotemporal shifts in phenotype, we next employed a transgenic fluorescent
reporter mouse model in which the expression of YFP, CFP, and mCherry fluorescent
proteins are driven by the Col1a1, Col2a1, and Col10a1 promoters, respectively (see
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methods). As the inner and outer regions of the mature meniscus have traditionally been
described as Col II and Col I-rich, respectively, this model provided a novel way to
examine the establishment of the expression profiles of these canonical ECM
components at a single-cell level (Dyment et al., 2015). Broad assessment of
fluorescence throughout the knee joint during maturation showed expected patterns,
with Col1-YFP present in the ligaments and bone, Col2-CFP within the cartilage, and
Col10-mCherry in the hypertrophic regions of tissues (Figure 3-5). Within the meniscus
horns, there were clear nodules of Col-2 expressing cells transitioning to Col-10
expression, consistent with previous descriptions of ossification in this region (Appendix
A-7) (Gamer, Xiang and Rosen, 2017). Notably, and unlike the horns, the meniscus
body did not undergo ossification, even at adulthood. Instead, cells within the body of the
meniscus exhibited a speckled, heterogeneous pattern of reporter expression
(Appendix A-7). To determine whether this cell-to-cell heterogeneity differed with age
and between inner and outer regions, we used the sectioning plane specified in
Appendix A-2 a to define a coordinate system in which the position along the length of
the meniscus is bounded by the outer (0) and inner (1) edge of the tissue. Cell position
along the defined axis, as well as average Col2-CFP and Col1-YFP intensities in each
cell, were then determined in samples taken from E17.5 to 4 months of age (Figure 3-6
a). This allowed us to (1) track how single cell Col1a1 and Col2a1 expression changed
as a function of position within the meniscus (Figure 3-6 b), (2) evaluate co-expression
of these two collagen reporters in individual cells (Figure 3-7 a,b), and (3) use these coexpression patterns to define distinct cell subpopulations across the meniscus including:
negative (no reporter expression), Col2-CFP+ (only Col2-CFP expression), Col1-YFP+
(only Col1-YFP expression), and CFP+/YFP+ (co-expression of the reporters ) (Figure
3-7 c, Appendix A-8 b,c).
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Figure 3-5: Distribution of the Col1a1-YFP, Col2a1-CFP, and Col10a1-mCherry fluorescent
reporters within the murine knee joint at ages P0, P14, P28.
Scale is kept the same to show increase in joint size. Reporters generally demonstrate
expression patterns similar to the corresponding endogenous genes (Col1a1 in fibrous
tissues, Col2a1 in cartilage, and Col10a1 in hypertrophic cartilage prior to ossification).

In the newly formed meniscus (E17.5 and P0), Col2-CFP fluorescence intensity
positively correlated with outer-to-inner position, while Col1-YFP expression showed a
negative correlation. This suggested that cells with higher Col2 and Col1 reporter
expression were already segregated to the inner and outer regions of the meniscus,
respectively (Figure 3-6 a,b). Interestingly, between E17.5 and P0, a distinct subgroup
of outer meniscus cells emerged that had substantially higher Col1-YFP fluorescence
than cells of the inner meniscus (Figure 3-7 a,b). The outer meniscus in this E17.5-P0
timeframe also showed a decrease in the number of negative, Col2-CFP+, and Col1YFP+ cells and an increase in the number of double positive (CFP+/YFP+) cells. These
data suggested that the presence of higher Col1-YFP expressors at P0 was a result of a
subpopulation of outer meniscus cells that previously either expressed only Col2-CFP,
or had previously expressed no reporters and subsequently increased their Col1-YFP
levels (Figure 3-7 c). Meanwhile, and consistent with the correlation data, the inner
meniscus contained significantly more Col2-CFP+ cells, further highlighting that
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distinctions between inner and outer meniscus cells are present by birth (Figure 3-7 c).
Col1-YFP fluorescence values in the inner region peaked at P7 (Appendix A-8 a,b)
before diminishing at all subsequent ages. Overall, less than 18% of cells were negative
for reporter fluorescence throughout the early growth stages (E17.5-P14), underscoring
that this maturation window is characterized by high transcriptional and synthetic activity
(Figure 3-7 c).

Figure 3-6: A Col-1/Col-2/Col-10 fluorescent reporter transgenic mouse allows for singlecell spatiotemporal tracking of the meniscus cell populations.
a) Representative coronal sections from the meniscus body at E17.5, P0, P14, P28,
showing the cellular expression of YFP, CFP, and mCherry fluorescent proteins driven by
the Col1a1, Col2a1, and Col10a1 promoters, respectively. Scale bar: 50𝜇m. Cell location
(used here and Fig. 6) is defined by the ‘outer to inner length axis’, annotated in the P28
image, where the outer–most edge is the origin (0), the inner-most edge is 1 and a
position in between is reported as the fraction of distance to the inner edge. For
visualization, fluorescence intensities were adjusted separately for each age (i.e. LUTs
were not kept constant between shown images). b) Fluorescence intensities for CFP (Col2 reporter, top panel) and YFP (Col-1 reporter, bottom panel) for individual cells as a
function of each cell’s location along the outer-to-inner length axis. Black lines, R, and pvalues shown for Spearman correlations. n =777 (E17.5); n=888 (P0); n=1105 (P14);
n=1122 (P28) cells plotted, with cells from 3 tissue sections of 3 animals per timepoint
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pooled and plotted. For details on imaging and quantification (here and Fig. 3-7), see
methods.

Later stages of maturation (P14-P28) demonstrated a shift in these trends. A
negative correlation between outer-to-inner distance and Col1-YFP expression was
maintained through P28, indicating that higher fluorescence in the outer meniscus
persisted with age (Figure 3-6 b). A gradual restriction of the Col1-YFP positive cells to
the outer third of the meniscus occurred during this timeframe, and this remained so
through 4 months of age (data not shown) (Figure 3-13 b, Figure 3-7 a,b, Appendix A8 a,b). The Col2-CFP fluorescence intensity, however, showed a dramatic attenuation
between P14 and P28. This was distinct from the bulk LCM/qPCR measurements, which
showed Col2a1 Ct values remaining consistently high in both the inner and outer
meniscus at all timepoints (Figure 3-4, Figure 3-6 b, Figure 3-7 b, Appendix A-8 a).
The decrease in fluorescence was further reflected by the increase in the “negative” cell
subpopulation, which reached more than 60% in both regions, with a minimal presence
of Col2-CFP+ and CFP+/YFP+ cells. As expected, however, high Col2-CFP
fluorescence persisted in cells of the articular cartilage, suggesting a potential ‘threshold’
of Col2a1 expression at each age above which CFP fluorescence can be detected
(Figure 3-6 a, Appendix A-8 c). Despite this limitation, the reporter expression analysis
as a whole identified cell-to-cell heterogeneity present during the maturation process.
These data further support that inner/outer regional cellular subpopulations are present
as soon as the meniscus is formed, and further segregate and specialize at later
maturation timepoints.
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Figure 3-7: Col-1/Col-2 fluorescent reporters capture divergence of the inner and outer
meniscus cell subpopulations in both early and late stage maturation phases.
a) Workflow for single cell inner-to-outer quantification of Col1-YFP and Col2-CFP
reporter co-expression through nuclear segmentation and quantification of fluorescence
intensity for cells in the inner third (inner) and outer third (outer) regions (see methods
for a detailed description). b) Fluorescence intensities of YFP (Col1 reporter) and CFP
(Col2 reporter) for individual cells in the inner third (top row) and outer third (bottom row)
of E17.5, P0, P14, and P28 menisci. c) Percent of cells in either the inner third or outer
third of the meniscus that are classified into one of the following subpopulations based
on their YFP and CFP fluorescence expression (see Figure 6 Supplement1 for details): 1.
Negative (no detected reporter expression), 2. CFP+ (only the Col2-CFP reporter
expressed), 3. YFP+ (only the Col1-YFP reporter expressed), or 4. CFP+/YFP+ (both
reporters expressed). Shown as mean ± sem from 3 biological replicates. * (p<0.05), **
(p<0.01), ***(p<0.001) indicate significant difference between inner and outer regions at
specified timepoint as determined by Bonferroni post-test of a 2-way ANOVA.

3.7 DISCUSSION
The impressive strength and durability of mature fibrous tissues and their
extremely limited tissue turnover and regenerative capacity underscores the importance
of proper ECM assembly during postnatal growth. The knee meniscus offers a
49

particularly interesting case of ECM design, wherein the existence of regionally distinct
matrix organization and composition is appreciated as functionally important. Yet, the
initial stages of specification and assembly that lead to the establishment of a
proteoglycan-rich inner zone resisting compressive loading and an aligned collagenous
outer zone resisting tensile loading within this tissue are poorly understood. Therefore,
this study tracked the growth of the murine meniscus from its embryonic formation
through its first month of growth—capturing a critical time-window during which animals
begin to ambulate and weight bear. Interestingly, we found that there were distinct matrix
and cellular features that defined the inner and outer meniscus at birth, indicating that
the act of bearing weight during ambulation itself does not appear to be critical to cellular
specification in these tissue regions. We also demonstrate, however, that zonal
differences were further refined with postnatal growth; highlighting that the complex,
multi-axial loading environment of the knee is likely critical in region-specific cellular
specialization and functional matrix assembly (Figure 3-8).
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Figure 3-8: Summary of key findings during murine meniscus maturation between E17.5
and 4months.
Our data suggest differences between inner and outer meniscus regions are present by
birth (intrinsic regional variation) at both a cellular and matrix level. After 2-weeks of postnatal growth (P14), specialization within the inner and outer tissue regions starts to
emerge, and is more fully established by P28 (maturation-driven specialization).

Our analysis demonstrated that by birth, the classic circumferential fibrillar
collagen alignment in the meniscus was evident, but was localized to just the outer
region of the tissue wedge. Likewise, the inner region was already enriched in
proteoglycans and devoid of detectable fibrillar collagen content (Figure 3-2). These
differing matrix characteristics suggest that synthetic activities of resident cell
populations diverge during embryonic stages of meniscus development, prior to
substantial extrinsic forces from weightbearing. This in turn creates distinct
microenvironments that may further influence the phenotype of residing cells. In support
of altered synthetic activities, fluorescent reporter analysis showed phenotypic
divergence of inner and outer cells as early as E17.5—a few days before birth.
Localization of cells with higher Col2-CFP reporter expression to the inner portion of
meniscus and Col1-YFP increased specifically in outer meniscus cells between E17.5P0 indicated a region-specific shift in cell behavior during embryonic growth (Figure 3-6
a; Figure 3-7 b; Appendix A-8 b). Using LCM to specifically isolate inner and outer
meniscus cells from the same tissue section, we were able to confirm discernable gene
signatures in the inner and outer meniscus tissues at P0 (Figure 3-4 b). Expression of
matrix proteases Mmp13 and Mmp9 was enriched in the inner meniscus, suggesting that
the region may be devoid of fibrillar collagen due to heightened matrix remodeling
activity. Conversely, decorin (Dcn)—a protein involved in collagen fibrillogenesis—and
an aggrecan protease (Adamts4) were expressed at higher levels in the outer region,
indicating that outer cells may be producing matrix components that promote fibrillar
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matrix assembly while resorbing proteoglycans in the region (Figure 3-4 c, Appendix A6). Of note, higher expression of MMPs and decorin in the inner and outer portions,
respectively, persisted throughout maturation, indicating that differential expression of
certain matrix proteins may be intrinsic to the inner and outer cell populations. In all, our
data demonstrate regional meniscus cell distinctions as early as the embryonic stages of
meniscus growth. This finding raises the question of whether these cells are derived
from separate developmental origins or if the early establishment of mechanical and
topographical differences may drive cell behavior in these regions based on physical
inputs and timing of condensation within the meniscus structure (Hyde, Boot-Handford
and Wallis, 2008; Shwartz et al., 2016). Further study of meniscus embryonic
development, which includes rigorous lineage tracing and assessment of the biophysical
properties of the nascent tissue, is required to confirm or refute these hypotheses.
In addition to identifying distinction in cell and matrix at birth, this work also sheds
light on the substantial morphologic and cellular evolution that the meniscus undergoes
during postnatal growth and maturation. Our tracking of the growth of the meniscus body
confirmed previous findings (in both small and large animal models) showing that tissue
growth is characterized by rapid accumulation of fibrous, collagen-rich matrix throughout
the length of the tissue (Figure 3-1, 2)(Gamer, Xiang and Rosen, 2017). We
demonstrate that in mice, however, the majority of this postnatal growth occurs in the
first two weeks of life and does not happen isometrically. Rather, the inner region of the
tissue appears to extend inward to cover the widening tibial plateau (Figure 3-1 b-d). It
is interesting to consider whether this tissue lengthening during maturation is the result
of directed matrix deposition (guided by the concurrent widening of the femoral and tibial
surfaces), or if these postnatal shape changes represent an adaptation that increases
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efficiency of load transfer as animals begin to weight bear. Consistent with humans, the
percent coverage of the meniscus on the tibial plateau (Figure 3-1 d) increases with
age, suggesting that the latter mechanism may be likely (Clark and Ogden, 1983).
Likewise, the appearance of proteoglycan-rich matrix in the pericellular spaces from P14
onwards highlights an alteration of matrix protein production in resident cells; possibly as
an adaptation to increased compressive loading (Figure 3-2).
Coincident with this matrix remodeling, gene expression patterns also evolved
between the inner and outer meniscus throughout postnatal maturation (P0-P28).
Importantly, our assessment of cellular phenotype (by qPCR and fluorescent reporters)
was performed relative to the adjacent ligamentous (MCL) and cartilaginous (AC) tissues
within the same knee joints at the same time (Figure 3-3, Figure 3-7, Appendix A).
Using these tissues as benchmarks of canonical ECM structures acting in tension and
compression, respectively, further contextualized the maturation-driven divergence of
cell populations in the meniscus regions. Specifically, inner meniscus cells converged to
a more cartilage-like transcriptional profile by P28, while outer meniscus cells took on
expression patterns that were more ligament-like, indicating that the specialization of
these cell types with maturation may indeed be the result of exposure to distinct types of
forces (Figure 3-3). In the outer region, this was particularly exemplified by the dramatic
increase of Tnmd, a glycoprotein highly expressed in tendons and ligaments (Docheva
et al., 2005; Shukunami et al., 2006), relative to cells of the inner region by P28
(Appendix 5). Concurrently, there was a reduction of aggrecanase (Adamts4)
transcripts, perhaps explaining the pericellular PG accumulation in the region by this
timepoint. The restriction of the Col1-YFP reporter to cells of the outer third of the tissue
by P28 further supported this specialization of outer meniscus cells (Figure 3-6, Figure
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3-7 b). Notably, Col1-YFP fluorescence intensities were heterogeneous, with a
distribution of low and high expressors that was most variable during the timeframe of
rapid postnatal growth between P0 and P14 (Appendix A-8 b). The single cell
‘snapshot’ of reporter expression may indicate transcriptional ‘burstiness’ in individual
cells which, when summed, would faithfully reproduce the bulk transcriptional profiles we
measured via qPCR. This may suggest that deposition of ECM components that
establish the mature tissue structure is accomplished by subpopulations of ‘high
expressers’ of various matrix components rather than a uniform synthetic contribution
from the resident cells. In fact, we’ve identified other fluorescent lines, with reporters for
Col6a1, Scx, or Dkk3, that label distinct subsets of meniscus cells (Appendix A-7 b) and
can further illuminate the spatial characteristics of the resident cell subpopulations. In
combination with analyses like single cell RNA seq, these genetic tools may offer unique
ways of not only establishing how cellular heterogeneity contributes to fibrocartilage
assembly, but also studying its role in the injury and disease of these complex
structures.
While our work demonstrates that assembly of the mature fibrocartilage tissue
occurs through a synergistic system of increasingly specialized cell subpopulations and
accretion of ECM, how much of the observed changes in meniscus cell phenotype is a
direct response to the rapidly changing microenvironment (i.e. cellular interpretation of
the extracellular biophysical cues) rather than differences in cell fate remains an
important area of study. Indeed, extensive work in 2D and 3D in vitro systems has
established mechanobiologic principles regarding how biophysical cues such as cellcell/cell-ECM contacts, matrix topology, matrix stiffness, and applied external forces are
sensed and interpreted by cells (Engler et al., 2006; Kumar, Placone and Engler, 2017).
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The presence of distinct matrix organization at P0, coupled with increasing extracellular
fibrillar collagen content (Figure 3-2), decreased cellularity (Figure 3-1), and postnatal
limb movement, all point to meniscus cells experiencing changes in key biophysical
inputs throughout maturation, especially in the first two weeks of rapid growth (E17.5P14, Figure 3-1) (McNulty and Guilak, 2015; Qu et al., 2018). In fact, previous AFM
measurements of murine meniscus ECM indicate a substantial stiffening of the matrix
with age, another important parameter that may influence meniscus cell phenotype
(Sanchez-Adams and Athanasiou, 2012; Sanchez-Adams, Wilusz and Guilak, 2013; Li
et al., 2015, 2017). Interestingly, however, though we incorporated cell mechanosensing factors as part of our gene expression analysis (contractility proteins, cellcell/cell-ECM contracts, mechanosensitive transcription factors), it was the classical
musculoskeletal markers (ECM proteins, connective tissue transcription factors) that
distinguished inner and outer regions across growth (Appendix A-1, Figure 3-3 c,
Figure 3-4 a). This may suggest that the machinery required to interpret mechanical
cues in meniscus cells is already in place by birth. Furthermore, the finding that inner
and outer cell populations are distinct at birth, and may actually already differ at E17.5, is
an important one—highlighting the possibility that the meniscus is truly shaped by cells
of different fates (Hyde, Boot-Handford and Wallis, 2008).
Ultimately, uncovering the mechanism by which evolving biophysical cues (such
as cellular organization, matrix composition and alignment, and extrinsic mechanical
forces) influence the behavior of cells and the subsequent assembly of mature meniscal
fibrocartilage requires a system that can be genetically and physically perturbed and can
be studied throughout the critical timepoints of embryonic development and early
maturation. The high spatiotemporal resolution of our analysis provides a strong
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foundation for future work focused on meniscus matrix assembly by creating a timeline
of the concurrent establishment of both matrix properties and cell phenotype throughout
maturation.
3.8 OUTLOOK: FUTURE WORK AND CONSIDERATIONS FOR FURTHER
ANALYSIS
While the described work sets up important benchmarks for studying biophysical
regulation of meniscus growth and specialization, key questions that motivated the study
were left unanswered. Specifically, are observed shifts in cellular gene signatures
regulated by the changing extracellular environment, and what exact role to biophysical
cues play is the proper establishment of functional meniscus tissue? The first question in
particular gets at the classic “the chicken or the egg” problem that obscures the attempts
at conducting in vivo mechanobiology studies. Namely, do the cell populations that give
rise to tissues of heterogeneous composition (such as the meniscus) arise from different
origins and backgrounds, such that differential matrix production is due to intrinsic
differences in cell type and responsivity to the external stimuli? Or are the differences
that we see during maturation truly a result cells of a similar origin responding to a
differential mechanical loading environment (compressive vs. tensile) due to the region
of the tissue (inner vs. outer) a cell ends up in? Of course, one of the best ways to find
out whether the former scenario predominates is by doing lineage tracing studies.
However, to date, there is no known marker (or set of markers) that specifically defines
the meniscus cell population, making labeling and tracking of meniscus precursors
difficult. RNAseq of inner and outer cells at the earliest times of meniscus formation
could also provide some answers. Yet, as will be discussed in more depth in a
subsequent chapter, biophysical stimuli are already present during meniscus embryonic
56

development, and intriguingly, have a profound influence on meniscus tissue formation.
Thus, location specific differences in meniscus cells’ environment are likely present as
soon as the tissue is formed, making it very difficult to truly uncouple intrinsic and
extrinsic factors influencing cell phenotype. Nonetheless, the prevailing thought in the
field is that meniscus ECM heterogeneity is driven by regional differences in mechanical
loading profiles during weight bearing/joint loading, and yet this theory remains to be
rigorously proven. Armed with the knowledge of the kinetics of murine meniscus growth
and specialization detailed in this chapter, the following section outlines steps we’ve
taken to perturb the mechanical micro-environment of the meniscus cells to identify
whether mechno-responsivity indeed contributes to meniscus ECM establishment.
Additionally, while methods outlined in this chapter serve as good outcome measures for
homing in on cell and matrix changes, further techniques to augment our understanding
of meniscus mechanobiology during normal as well as perturbed growth will be
discussed.
3.8.1 Strategies for perturbing the meniscus microenvironment:
The response of meniscus cells to external stimuli is likely to vary throughout the course
of tissue maturation, as the abundance and the stiffness of ECM, its rate of
accumulation, amount of ambulation/load-bearing, and the amount of time the cells have
to interact with the fibrous environment is all changing. Given the evidence for a biphasic
growth profile of the meniscus, characterized by a rapid early growth (E17.5-P14) and a
slower maturation and specialization period (P14-P28), some of the cell-intrinsic versus
mechanically-driven contributions to the final meniscus structure may be teased out by
abrogating or perturbing biophysical cues starting at earlier or later stages of tissue
growth (Figure 3-9).
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Fig 3-9: Future studies to perturb the mechanical microenvironment of meniscus cells.
a) Differences in meniscus growth profile relative to initiation of perturbation. b)
Schematic of pilot sciatic nerve resection (SNR) study to unload the mouse hindlimb
soon after birth. Stills from video taken 1d. post operation show the non-operated limb
being able to ambulate (black arrowheads), while the SNR limb constantly dragging as
the animal moves forward (red arrowheads). c) Dosing regiment for sub-Q BAPN
administration for two separate neonatal litters (with littermates receiving subQ PBS
injections at equal volumes as a control). One cohort was injected daily starting at P3, for
1 week, during which time 1 of the 3 animals injected with BAPN died. The second litter
was administered BAPN/PBS starting at P1. By P5 (5 days of injection), 3 of the 4 BAPN
injected animals, and 1 of the 2 PBS injected animals died, and the experiment was
terminated.

3.8.1.1 Hindlimb unloading: Meniscus mechanical stimulation is a direct result of
articulation and effective loading of the knee joint during a gait cycle. Thus, preventing
the hindlimb from weight bearing provides a way to remove this mechanical stimulus,
either reversibly or permanently, at various times during meniscus maturation. Previous
studies have used onabotulinumtoxin A (BOTOX) to unload the joint through temporary
paralysis of the surrounding flexor and extensor muscles (Killian et al., 2013; Ford et al.,
2017). However, initial attempts to paralyze muscles of the femur and tibia in young
pups (P3-P14) through BOTOX proved unsuccessful in our hands, with animals still able
to ambulate their himdlimbs post-injection. An alternative unloading approach involves
surgical resection of the sciatic nerve (SNR), which controls the contraction of most
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muscle groups in the hindlimb (Killion et al., 2017). In preliminary studies done by
members of our group, pups as young as P1-P14 tolerated the surgery well, and animals
could be observed dragging the surgical limb, rather than ambulating—demonstrating
affective unloading of the hindlimb joint (Figure 3-9 b). The success of this surgical
approach opens up exciting possibilities for exploring the contribution of external forces
to tissue growth and cell behavior at early and late stages of maturation.
3.8.1.2 Matrix crosslinking inhibition: The rapid accumulation of fibrous matrix
during the first month of meniscus growth (Figure 3-2) points to the quickly evolving
microenvironment of resident meniscus cells. An important step in fibrillar collagen
matrix maturation and stiffening is its crosslinking by lysyl oxidase (LOX) and lysyl
oxidase-like (LOXL) enzymes. Studies in embryonic chick tendon which inhibited LOX
enzyme activity through systemic administration of β-Aminopropionitrile (BAPN),
demonstrated a dose-dependent decrease in tissue indentation modulus (by AFM),
without changes in collagen abundance, alignment, or gene expression (Joseph E
Marturano et al., 2013; Marturano et al., 2014), indicating that crosslinking directly
effects matrix stiffness. Furthermore, in addition to in vitro data showing the ability of
matrix stiffness to dictate cell behavior, inhibition of collagen crosslinking by BAPN after
injury of neonatal mouse hearts shifted the healing response from fibrosis to
regeneration (Notari et al., 2018)—highlighting how the microenvironmental matrix
crosslinking and mechanics can directly impact cell response even at the earliest stage
of postnatal tissue growth.
Previous studies indicate that LOX expression in the meniscus initiates at E16.5,
right after joint cavitation and meniscus formation (Pazin et al., 2014). To what extent are
the cellular changes observed in the maturing meniscus due to the progressive
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crosslinking and stiffening of their microenvironment? Are meniscus cells more sensitive
to stiffness changes at earlier stages of postnatal growth, when matrix is first being
deposited and rate of tissue growth is highest? To answer some of these questions,
we’ve conducted a pilot study wherein neonatal mice (a P1 and P3 litter) were
subcutaneously injected daily with BAPN (following a protocol from Kleeck et al., 2021),
with littermates injected with PBS serving as controls (Figure 3-9 c). At the administered
BAPN dose (333µg/g, 10µL/g), animals became sickly, and some started to die 3-5 days
post injection, consistent with reports of perinatal lethality at high BAPN doses. The
experiment was thus terminated at P5 for the P1 litter (4 days of BAPN) and P9 for the
P3 litter (7 days of BAPN). Interestingly, when knee joints of the surviving BAPN-treated
pups were assessed, some appeared to have discoid medial menisci, with disorganized
fibrous tissue connecting the anterior and posterior horn regions (Figure 3-10 a). This
discoid phenotype did not appear in the PBS-injected animals, nor has it ever been
observed in any of the untreated mice assessed at these timepoints. Additionally, the
tibial growth plate and center of ossification also appeared to be misshapen, which is
consistent with results shown in embryonic chick, in which in ovo BAPN delivery caused
severe curvature and shape changes in the tibiatarsus (Figure 3-10 b, (Kubota et al.,
2016)). Of course, the very small sample size analyzed (3 BAPN treated samples, 2
PBS-injected controls), highlights that more experiments need to be done before real
conclusions can be drawn. The lethality at the chosen BAPN concentration indicates that
the injection regiment (concentration, injection schedule) is too aggressive for such
young animals, and needs to be refined. Additionally, because the knee joint is poorly
vascularized, methods need to be developed to test whether BAPN is able to access the
joint to affectively inhibit LOX specifically in joint tissues. It’s also worth noting that
systemic BAPN administration is a big limitation of this future studies, as it is likely to
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impact many musculoskeletal elements in a way that will confound any observed
changes within the knee joint. However, local delivery, such as joint injection, is not
experimentally feasible due to the small size of mouse knees (especially at neonatal
stages).

Fig 3-10: Initial observations from pilot BAPN experiment.
a) Left: schematic demonstrating the location within the meniscus of the sagittal sections
shown on the right. Right: sagittal sections through medial meniscus horn region of a P9
knee joint for an animal injected with PBS vs BAPN for 7 days. Yellow arrowhead points
to an atypical piece of tissue connecting the meniscal horns in the BAPN sample that
indicates a discoid meniscus. Bottom panels show SHG imaging for a sagittal body
segment of the medial meniscus compared to the SHG of the discoid region of the BAPN
medial meniscus sample. While the PBS control tissue exhibits the typical aligned
collagen fiber structure, the extra tissue in the BAPN sample appears to have much more
disorganized matrix. b) Representative images of the proximal tibia in the PBS and BAPN
treated P9 samples, which distinct tissue regions labeled in the schematic. Yellow
arrowheads in the BAPN image point of abnormalities in the shape and the organization
of the growth plate and hypertrophic zones.
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Together, these perturbations (hindlimb unloading, matrix crosslinking inhibition) will be
able to more directly test how aspects of the meniscus tissue are shaped by biophysical
cues. These two perturbations complement each other, as mechanics of the
microenvironmental milieu likely dictates how extrinsic forces are perceived by the
resident cells. Hence, it will also be important to see which effects on the meniscus are
elevated or abrogated in the case where the knee is both unloaded (SNR) and matrix
crosslinking is inhibited (BAPN).
3.8.2 Potential methods for future analysis of ECM growth and meniscus cell
phenotype/cell-matrix crosstalk
3.8.2.1 Evaluation of ECM mechanical properties by atomic force microscopy
(AFM). As previously mentioned, matrix stiffness is likely an important extrinsic factor
influencing resident cell behavior, and AFM is well established technique for evaluating
the nano and micro-scale mechanics of meniscus ECM tissue (Li et al., 2017, 2018).
While matrix mechanics was not part of the maturation timeline analysis, evaluating
regional changes (inner vs. outer) in matrix mechanical properties will be an integral part
of characterizing tissue changes following perturbation of the cellular microenvironment
(SNR, BAPN). To date, we’ve acquired preliminary tapping-mode AFM results from
fresh-frozen coronal meniscus sections (20µm), using the AFM camera to specifically
indent inner and outer portions of the tissue (Appendix A-9). However, our current
approach has its limitations, as the coronal tissue plane results in fibrous collagen
bundles coming out of the plane of nano-indentation. It is unclear, then, if this acquired
measurement is a true representation of the fibers’ stiffness, as opposed to
measurements acquired in the transverse section, in which the circumferential fibers are
indented in their linear orientation. Yet, the circumferential orientation makes it nearly
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impossible to test the inner meniscus region, which is much more thin, and is usually lost
in sectioning due to the wedge-shaped geometry of the tissue. Furthermore, questions
arise about the changes in tissue mechanics as a result of cryo-embedding and
sectioning. Using fresh tissue would be a superior approach as it prevents any cellular
and matrix destruction. Cutting and manipulating murine menisci, however, which are no
more that 200µm wide at birth, and orientating the tissue in a way where both the inner
and outer regions can be tested, may not be possible. In all, though mechanical testing
of the meniscus ECM throughout maturation and with perturbation is imperative to our
understanding of the tissue’s growth, the aforementioned challenges must be considered
while designing the AFM experimental approaches.
3.8.2.2 Detection of nascent matrix synthesis through functional noncanonical
amino acid tagging (FUNCAT): One of the interesting findings from our fluorescent
reporter expression analysis (Figure 3-6) is that there is heterogeneous population of
“high” and “low” expressors of Col1a1, and Col2a1 reporter. While fluorescent reporters
are of course not a direct read out of transcription of these two proteins, the speckled
pattern of expression leading to the thought that matrix protein synthesis and assembly
is accomplished by a subset of resident cells at any given time. While there’s evidence
that gene expression may not correlate with protein expression (Cote et al., 2016), it’s
interesting to consider the kinetics of matrix protein production during nascent fibrous
tissue formation and growth. This requires ways of tracking newly synthesized matrix
while maintaining spatial information of the cell within the meniscus. Functional
noncanonical amino acid tagging (FUNCAT) of synthesized proteins through
incorporation of a methionine analog has successfully been used to label newly
synthesized extracellular matrix molecules in in vitro in cells embedded in 3D gels
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(McLeod and Mauck, 2016; Loebel et al., 2020). In fact, Calve et al. has also
demonstrated that these amino acid analogs (AHA, HPG) can be incorporated in vivo
(Calve et al., 2016), with tissue lysates from murine embryos showing incorporation of
the label that was introduced to pregnant dams via subcutaneous injection (Appendix
A-10 a). We conducted pilot studies to see if nascent matrix proteins can be effectively
labeled and visualized within growing knee joint fibrous tissue cells by injecting juvenile
(P16) and adult (P35) mice with the AHA methionine analog (on-time injection 24hrs
prior to sacrifice) and staining the tissue via click-chemistry reaction with fluorescently
tagged DBCO or CuAAC alkynes (Appendix A-10 b). Our hypothesis was that younger
(P16), more synthetic, cells would incorporate more of the label than P35 animals within
a 24 hours period. However, even with modifications to the fluorescent detection staining
protocol, both CLICK-alkyne labels were “sticky,” causing a high degree of background
fluorescence in un-injected tissue controls (Appendix A-10 b). Thus, a lot more
optimization of injection regiment and tissue staining needs to be done to see if FUNCAT
labeling can be affectively performed and quantified on histologic sections.
3.8.2.3 Calcium (Ca2+) signaling dynamics: In certain instances, calcium signaling
has been established as a real-time read-out of cellular mechanoresponse, as physical
stretching of the plasma membrane is able to directly induce cellular Ca2+ influx and
activate downstream cellular pathways. In vitro, meniscus cells (as well as many other
cell types) have been show to undergo Ca2+oscillations in response to dynamic loading,
and previous studies have also been able to capture Ca2+ dynamics in situ (Han et al.,
2015, 2016). Interestingly, while cells within the fibrous region of bovine meniscus are
able to undergo spontaneous Ca2+ spikes (and do so in a tissue strain-dependent
manner), cells surrounded by a more stiff, proteoglycan-rich matrix lack this mechano64

responsivity (Han et al., 2016). This exemplifies a way that cellular response to the
mechanical inputs can be modulated by the microenvironment, with has direct
implications for both downstream inter and intra-cellular molecular signaling. As such,
changes in the maturing meniscus environment could result in alterations to cellular
Ca2+signaling patterns, which could in turn signal a critical shift in either the biophysical
inputs experienced by the cell, or how a cell perceives them.
Though in situ imaging of calcium oscillations has been performed on murine
cartilage (Chery et al., 2021), little is known about the signaling dynamics in the murine
meniscus. As an upstream readout of cellular mechanoresponse, this assay could be a
powerful tool to assess both regional maturation-driven changes in cellular activity in the
context of our established maturation timeline as well as a method to assess early
cellular changes to mechanical perturbation (SNR, BAPN). To determine the feasibility of
monitoring in situ Ca2+ oscillations, we first conducted experiments on extracted murine
tail tendons, a fibrous tissue that is much easier to image due to its linear geometry and
ease of extraction. Incubation in 15µM Cal-520 calcium indicator for 1-2 hours resulted in
robust cell labeling and low cell death (assessed by ethidium homodimer), and tracking
of intracellular Cal-520 fluorescence intensity using multiphoton microscopy over a 10
minute time span showed calcium spikes in distinct cells within the tendon (Appendix A11 a). Dissection and calcium indicator labeling of murine meniscus tissues at ages P5P14 was also successful, and while cell death was observed in some of the peripheral
tissues, cells in the meniscus body remained viable (Appendix A-11 b). However, over
the three trials (6 assessed samples), no calcium oscillations were observed, even when
the acquisition time increments was reduced to 5s. to capture any high-frequency
events. This result is perplexing, given that meniscus cells in mature bovine tissues
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undergo spontaneous oscillations even under static conditions (Han et al., 2016), and
our staining and imaging protocol is able to capture static signaling dynamics in P21
murine tail tendons. Because there is strong evidence that Ca2+ signaling is reflective of
a cell’s mechnoresponsivity in fibrous connective tissues, our inability to see any
signaling peaks is likely due to some limitation in our approach. Our initial analyses thus
raise the possibility that 1. spontaneous Ca2+ oscillations in meniscus cells may start
later than the early post-natal timepoints assessed and 2. murine meniscus cells may
initiate signaling after tissue deformation/external stimulus. Both possibilities will be
important to explore as intracellular calcium imaging is employed in the analysis of
meniscus cells during tissue maturation.
By expanding the ways in which we can probe the cellular behavior and
microenvironmental cues in situ, exciting opportunities remain for exploring the
heterogeneity and nuance that exists in meniscus tissue assembly, and brings us closer
to understanding the initial cellular events that ultimately lead to the rise of pathologic
changes during tissue injury and degeneration.
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CHAPTER 4: EMBRYONIC DEVELOPMENT OF THE MENISCUS AND THE KNEE
JOINT
4.1 INTRODUCTION
It has been noted for large animals, and confirmed by our own work in mice, that
by the time an animal is born, key features that are hallmarks of the adult meniscus—
namely, its circumferential fiber matrix organization and distinct wedge shape—are
already established. Furthermore, in our analysis of molecular gene signatures of the
inner and outer zone regions of the murine meniscus, we saw delineation between the
zones, even at birth. This highlights the notion that to truly understand how the
complexity and heterogeneity of the meniscus is established—and to what extent
intrinsic and extrinsic forces play a role in this process—one must look to its
developmental origins. Indeed, while few studies have focused on the mechanisms of
meniscus formation specifically, almost a century worth of work has accumulated
detailing the general progression of knee joint development.
Critical work has focused on understanding the main mechanisms underlying
synovial joint formation and the molecular signaling and cellular processes that
contribute to it—focusing on the shoulder, elbow, and digit joints. These studies, and
some of the similar findings between them, have established general principles that
seem to underlie the process of diarthrodial joint formation as a whole (Lamb et al.,
2003; Pacifici et al., 2006; Koyama et al., 2008; Pitsillides and Ashhurst, 2008; Decker,
Koyama and Pacifici, 2014; Salva and Merrill, 2017). Yet, the presence of the meniscus
and the cruciate ligaments distinguish the knee from any other freely-articulating joint,
suggesting that something about its development is unique in allowing the formation of
such structures.
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Thus, in this chapter, we focus our attention on reviewing what is known about
knee joint and meniscus development. We begin by acquainting the reader with the
established timeline of embryonic knee joint development, which is strikingly conserved
across species. We next discuss what is known about the molecular attributes of cells
that form the knee joint. Finally, we discuss the role of extrinsic mechanical cues in
directing proper knee joint morphogenesis, specifically highlighting the literature
implicating muscle contraction forces as important mediators of this process.
4.2 PROGRESSION OF KNEE JOINT DEVELOPMENT
Our understanding of embryonic meniscus and knee joint origins is substantially
informed by the early body of literature characterizing the stages of embryonic knee joint
development as a whole through careful histologic analysis. Remarkably, work following
the embryonic progression of knee joint morphogenesis have noted incredibly similar
patterns in mice (Hyde, Boot-Handford and Wallis, 2008; Shwartz et al., 2016; Gamer,
Xiang and Rosen, 2017), rat (Mitrovic, 1978; Ito and Kida, 2000), chick (Drachman and
Sokoloff, 1966; Pitsillides and Ashhurst, 2008; Roddy et al., 2009), and human
(McDermott, 1943; Haines, 1947; Gardner and O’Rahilly, 1963; Clark and Ogden,
1983)—underscoring that this is an incredibly conserved process (Figure 4-1). It should
be noted, however, that while the developmental pattern proceeds very similarly in all
animals, the amount of embryonic growth that follows knee formation is quite different.
While in mice and chick, the knee is fully formed (cavitation) about 4-6 days before
birth/hatching (Gardner and O’Rahilly, 1963; Gamer, Xiang and Rosen, 2017), human
knees and menisci are fully established by day 52 of gestation and continue to grow in
utero for over 200 days (Gardner and O’Rahilly, 1963; Clark and Ogden, 1983). Thus, it
is interesting to consider the difference in composition and mechanical state of the joint
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tissues as they are first exposed to weight bearing, and if that has any effect on the
establishment of the mature meniscus matrix.
In terms of the establishment of the knee joint, it has been appreciated (as early
as the late 1800s) that knee joint development starts with the emergence of a
mesenchymal condensation containing markedly flattened cells that segment the
cartilaginous rudiment of the nascent hindlimb outgrowth. This region of cells, initially
called a “blastemal mass” by McDermott in 1943 are now commonly referred to as “the
interzone” (McDermott, 1943; Haines, 1947). In chick, the level of cell condensation has
been quantified though measurement of cell density. These studies indicate that, at the
time of its appearance, the cell density of the interzone is about 60% higher than that of
the surrounding cartilage rudiments, and continues to be more cellular throughout knee
development (8000 cells/mm2 in the interzone compared to 5000 cells/mm2 in the
cartilage, (Roddy et al., 2009)). Interzone formation is by no means unique to the knee
joint, but rather is the conserved step in the initiation of joint specification for all
articulating joints (Haines, 1947; Mitrovic, 1978). In a seminal study by Holder in 1977,
which was further confirmed by Rux et al., the interzone was shown to contain cells that
largely contribute to the establishment of the joint cavity, as excision of the interzone
region within the developing chick elbow joint halted joint formation and resulted in the
subsequent fusion of the humeral and ulnar cartilages (Holder, 1977; Rux et al., 2019).
While this type of experiment has not been done in the knee, careful histological tracking
of knee formation (as well as more recent lineage tracing studies outlined below)
demonstrate that intra-articular fibrous tissues emerge at the location of interzone cell
condensations, leading to the widely accepted opinion that interzone cells give rise to
the menisci and cruciate ligaments as well as the rest of the joint capsule (McDermott,
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1943; Haines, 1947; Mitrovic, 1978; Ratajczak, 2000). Soon after the appearance of the
condensed flattened cell region, the interzone of larger joints adopts a tri-layered
structure, consisting of outer chondrogenic layers adjoining the femoral and tibial
surfaces, as well as a middle (inner) layer between them. With developmental
progression, the interzone cells continue to condense until nascent meniscus wedges as
well as linearly aligned cells in the position of the cruciate ligaments are discernable
(McDermott, 1943; Haines, 1947; Mitrovic, 1978; Ratajczak, 2000).
Yet, even after the semblance of nascent knee joint structures appears, the knee
joint persists as a continuous piece of tissue for a brief period of time, with interzone
cells spanning the entire space between the forming femoral and tibial rudiments. This
continuity is abolished during the process of joint cavitation—a critical point at which the
forming joint transitions from being a continuous tissue structure to containing a distinct
cavity with well demarcated boundaries between the femoral and tibial articular surfaces
and the intra-articular menisci and cruciate ligament structures. Interestingly, the process
of tissue separation during cavitation does not appear to happen all at once. In an
extensive characterization of rat knee joint development, Ito et al. reported that
separation of the femoral surface away from the meniscal surface appeared to precede
the segmentation of the tibiomeniscal border (Ito and Kida, 2000). The reason for this is
unknown, and what initiates and drives the cavitation process remains equally unclear.
While cell death at the tissue boundaries appears to be a mode of cavitation of
phalangeal joints, this does not appear to be the case within the knee, as minimal signs
of apoptosis have been reported (Ito and Kida, 2000; Kavanagh et al., 2002). Taken
together, this early work defined the stages of knee joint formation as: 1) interzone
establishment and segmentation of the hindlimb cartilage rudiment, 2) condensation with
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further organization and patterning of the interzone cells, and 3) joint cavitation resulting
in cavity and intra-articular tissue formation. However, many questions remain regarding
the mechanisms that drive these key morphologic events. The subsequent sections will
outline key efforts to define the mechanism of knee joint development, with a specific
focus on work that pertains to embryonic meniscus formation.

Figure 4-1: Comparison of progression of knee joint development in the human, chick,
and mouse.
a) Schematic annotating the general orientation of the histological images shown in b-d.
Side views of developing knee joints show the developing femur on the top, developing
tibia on the bottom, and the interzone (IZ, early stages) or meniscus horn condensations
(later stages) within the forming joint space. b-d: Histologic images of knees throughout
development in human, chick, and mouse. Annotations below the species name indicate
general stage of joint cavitation based on Gardner and O’Rahilly, 1968 for human and
chick and Gamer et al., 2016 for mouse. b) Adapted images from Haines et al., 1947.
Development stages shown in crown-rump length (mm). Note that the 16mm panel is
vertically flipped in orientation from the rest of the images. c) Adapted figure from Roddy
et al., 2009. Histologic images of Alcian Blue (cartilage) and Hematoxylin (nuclei) stained
tissues. HH (Hamburger-Hamilton) stages denoted. ‘M’: Meniscus. d) Adapted figure from
Gamer et al., 2016. Histologic images of Safranin O (cartilage) and Hematoxylin (nuclei)
stained tissues. Embryonic day (E) stages denoted. Scale: 50µm.
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4.2 MOLECULAR DYNAMICS DURING KNEE JOINT AND MENISCUS FORMATION
Holder’s original experiment (Holder, 1977) showing that removal of the
established interzone abolished joint formation defined interzone cells as early
progenitors of knee joint tissues; spurring an interest in characterizing and identifying
features of this unique cell pool. In general, cells of the interzone clearly delineate
themselves from the surrounding cartilage rudiments by not undergoing chondrogenesis
and maintaining a mesenchymal phenotype. To date, perhaps the best-known molecular
marker for the interzone is Gdf5, encoding a member of the BMP family of proteins
(BMP-14/CDMP-1). While first described to demarcate interzones of the digit joints,
expression of Gdf5 appears to be a ubiquitous sign of early interzone specification
across all joints, and its expression is coincident with regions of the hindlimb cartilage
outgrowth that downregulate expression of Col2a1, a well-established chondrogenic
marker (Storm and Kingsley, 1999; Shwartz et al., 2016) (Figure 4-2 a). Since the
identification of Gdf5 as a marker for the joint interzone, lineage tracing studies in mice
have begun to confirm some of the early hypotheses about the origins of the knee joint
tissues. Using Gdf5-Cre mice showed that a majority of cells in the meniscus, cruciate
ligaments, and articular cartilage originate from Gdf5 expressing progenitors (Shwartz et
al., 2016; Decker et al., 2017). Additionally, a study of mice that harbor a null mutation in
Gdf5 (brachypodism) strikingly develop without any cruciate ligaments or well-formed
menisci, but do exhibit cavitated joints (Harada et al., 2007). This further underscores
the necessity of Gdf5-expressing interzone cells in the establishment of the knee joint
fibrous tissues.
Interestingly, previous lineage tracing, as well as our own work, has also
identified Dkk3, a Wnt antagonist, as a robust marker of the established interzone, with
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similar patterns of expression in early knee joint development as Gdf5, and sustained
expression in cells of the articular cartilage, menisci, and cruciate ligament following
cavitation (Decker et al., 2017, Appendix 2-1). This is consistent with growing data that
shows a complex role for Wnt signaling in synovial joint formation (Später et al., 2006;
Salva and Merrill, 2017), but to our knowledge, no studies investigating the potential role
of Dkk3 in meniscus formation have been conducted. Finally, Wnt14 has also been
shown to be a marker of the interzone, perhaps acting even upstream of Gdf5, as its
ectopic expression has been shown to drive subsequent expression of Gdf5, albeit in the
distal chick forelimb (Hartmann and Tabin, 2001). Curiously, however, Wnt14 expression
in the knee joint is minimal by the time of cavitation, and not present in either the
articular cartilage tissues nor the menisci or cruciate ligaments (Hartmann and Tabin,
2001). This could indicate that Wnt14 is expressed specifically but transiently to specify
interzone formation through induction of Gdf5 expression, which subsequently persists
throughout knee joint formation.
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Figure 4-2: Expression patterns within the developing murine knee joint.
a) Distribution of Col-2 protein and Gdf5 expression within the developing knee joint.
Figure adopted from Shwartz et al., 2016, depicting immunofluorescence of Collagen 2
(Col-2) protein and Gdf5 in situ hybridization at denoted embryonic day stages of murine
knee joint development. b) Figure adapted from Hyde et al., 2008. Histologic sections
from Col2a1-Cre; LacZ mouse knee joints stained for LacZ at E13.5 and P0. IZ: interzone.
At E13.5, the entire interzone appears to be stained for LacZ. At P0, much of the lateral
meniscus and outer medial meniscus is devoid of such staining.

Yet, while work has demonstrated that Gdf5 specifies the knee interzone, and
that the interzone cell contribute to meniscus formation, there has been some debate as
to whether all of the cells of the menisci are interzone (or Gdf5) derived. Using Col2a1
as a Cre driver for LacZ expression, Hyde et al. looked at the subsequent presence of
LacZ in the developing joint. As Col2 is shut off by interzone cells after their specification
(Figure 4-2 a), the authors assumed that their labeling approach should target the
earliest pool of joint progenitors, and thus label all resultant joint tissue. Surprisingly,
however, while the inner medial meniscus and cruciate ligaments of the developed joint
continued to show LacZ expression, the outer part of the medial meniscus and all of the
lateral meniscus appeared devoid of staining (Figure 4-2 b, (Hyde, Boot-Handford and
Wallis, 2008)). This work was perhaps the first to suggest that peripheral cells outside of
the initially specified interzone region may be recruited to form the peripheral knee joint
tissues—including the menisci. Indeed other lineage tracing observations have further
supported this hypothesis (Shwartz et al., 2016; Decker et al., 2017). Unfortunately,
there is no marker that specifically distinguishes Gdf5-negative cells located at the
interzone periphery, making studies investigating the potential for cell mixing at the
interzone boundary quite challenging in mouse models. Interestingly, Shwartz et al. also
suggested that the formation of intra-articular structures of the knee joint may not only be
dictated by an influx of cells from outside the initially established joint primordium, but
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also by the duration of time over which Gdf5 is expressed. By using Gdf5-CreER
inducible model systems, authors of this study were able carry out a series of
experiments in which Gdf5-expressing cells were labeled within varying time windows of
knee joint development and then followed for varying amounts of time post labeling. The
resultant findings suggest that the expression of Gdf5 within the joint may be more
dynamic than initially appreciated, and that spatiotemporal variance in its expression
within the joint may contribute to the lineage divergence between cells of the meniscus,
cruciate ligaments, and articular cartilage (Shwartz et al., 2016).
Indeed, a lingering question in the field is what further specifies established
interzone cells to the meniscal, ligamentous, and articular cartilage lineages. To answer
this, some groups have taken the approach of directly characterizing the expression
profiles of cells within distinct regions of the forming joint. Using laser capture
microdissection, Pazin et al. specifically isolated nascent meniscus, cruciate ligament,
and articular cartilage tissue from a murine knee joint immediately following cavitation
(E16). Using micro-array analysis, this study was perhaps the first to attempt to identify
gene signatures specific to the formed fibrous tissues (Pazin et al., 2014). The results
identified several genes that were enriched in the meniscus compared to the cruciate
ligaments and articular cartilage at this stage, including several members of the IGF-1
signaling pathway. Interestingly, verification of the micro-array results via in situ
hybridization suggested that genes encoding for the cartilage-matrix associated protein
Aggrecan (Acan) and collagen crosslinking enzyme Lysyl oxidase (Lox) were expressed
preferentially by inner meniscal cells while Dermatopontin (Dpt1) was more highly
expressed in the outer meniscus zone. While subtle, these findings highlight the
possibility that zonal specialization of the meniscus may happen early during meniscus
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formation, consistent with our findings in Chapter 3, and further underscores the need to
examine meniscus embryonic formation as a means to understand the cellular and
extracellular phenotypes that emerge postnatally. Additionally, using a similar laser
capture approach for targeted tissue isolation, Jenner et al. assessed the outer and inner
zones of a murine E15.5 knee interzone region, capturing the tissue stage right before
joint cavitation and tissue formation. Comparison of expression profiles of these different
interzone layers revealed gene sets that were differentially expressed between the outer
and inner interzone regions. Specifically, the outer interzone cells that were closest to
the femoral and tibial surfaces (outer interzone) appeared to be enriched for
chondrogenic gene expression, consistent with the notion that outer interzone regions
establish the articular cartilage of the femoral and tibial surfaces (Mitrovic, 1978; Jenner
et al., 2014). In all, these are some of the few studies that have attempted to specifically
address what molecular distinctions exist between nascent knee joint fibrous structures
at the onset of their embryonic formation.
Another interesting approach in understanding the molecular profiles specific to
cells of the meniscus and cruciate ligaments is to try to identify what distinguishes them
from synovial joint tissues that do not have intra-articular structures, but are also
interzone derived (e.g., the elbow). Pazin et al., conducted such an experiment, isolating
intervening tissues (including adjacent epiphyses) of E15 (cavitation) and E16 (formed
joint) murine elbow and knee joints (Pazin et al., 2012). Perhaps expectedly, genes with
the highest fold upregulation within the knee versus the elbow resided within the Hox
family, whose role in delineating the forelimb and hindlimb during initial limb bud
formation is well established (Peterson et al., 1994). Sox9—a transcription factor that is
a key driver of chondrocyte differentiation—appeared upregulated in the knee joint
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fibrous tissues compared to the elbow. This is consistent with lineage tracing studies that
have found that cruciate ligaments (and likely the menisci) are derived from a Sox9
expressing cell lineage. This, along with findings that most of the fibrous knee joint
tissues originate from a Col2a1 expressing cell population, confirms that the
predominant cellular contribution of fibrous knee joint tissues comes from the early knee
joint interzone, which itself originates from the initial Col2a1 and Sox9 expressing
hindlimb cartilage primordium (Hyde, Boot-Handford and Wallis, 2008; Soeda et al.,
2010). Additionally, in situ hybridization and immunofluorescence staining of cavitating
joints demonstrated an enrichment of ligamentous markers such as Tenascin-C in cell
condensates of the meniscus and cruciates at the time of cavitation. Consistent with the
aforementioned findings that Wnt signaling dynamics are likely an important regulator of
joint formation, Sfrp2–another factor associated with Wnt signaling downregulation
(Leimeister, Bach and Gessler, 1998)—was also enriched in the cruciate ligaments and
menisci, especially the inner regions.
Importantly, comparison between the elbow and knee joint tissue expression
profiles through pathway analysis revealed that TGF-beta signaling was an important
contributors to knee, but not elbow, formation (Pazin et al., 2012). Indeed, Tgfbi was
markedly enriched in cruciate ligaments and cells of the inner meniscus region in E15.5
mouse knees, again providing evidence that expression profiles of inner and outer
meniscus regions are variable from the time the tissue is patterned. Strikingly, specific
deletion of Tgfbr2—one of the major TGF-beta receptors—within the limb mesenchyme
(using Prrx1-Cre) abolished formation of the menisci of cruciate ligaments of the knee,
but there was sustained knee cavitation (Pryce et al., 2009; Pazin et al., 2012).
Additionally, a study using Gdf5-Cre to specifically ablate both Sox5 and Sox6
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specifically in Gdf5-derived cells showed abnormal joint formation, with diminished
cruciate ligaments and menisci with increased proteoglycan content in their matrix, and
sustained Gdf5 expression within the articular cartilage, leading to suspended
differentiation of articular cartilage cells and cartilaginous overgrowth within the joint
space with maturation (Dy et al., 2010). In contrast, while Wnt signaling continues to
appear as an important factor in knee joint development, targeted deletion of b-Catenin
using Gdf5-Cre disrupted proper cellular organization of the developing articular
cartilage of the knee but had little appreciable impact on formation or growth of the
menisci and cruciate ligaments (Koyama et al., 2008). Together, targeted deletion
studies are beginning to uncover which factors are important for the formation of the
menisci, cruciate ligaments, and articular cartilage that are downstream of the initial
interzone specification process.
In all, while Gdf5 has emerged as a clear marker of the early interzone, there
does not appear to be a concrete molecular marker that specifically identifies or
distinguishes the cellular pool of the patterned and formed embryonic menisci. Recent
studies have begun to employ powerful single-cell sequencing technologies to study
expression profiles of the knee interzone cells more broadly (Feng et al., 2019; Bian et
al., 2020). These approaches provide rich data sets that will allow us to understand the
heterogeneity of cell populations within the developing knee joint more fully. However,
without a robust marker to specifically identify meniscus-lineage interzone cells,
application of these analyses to study meniscus morphogenesis remains a challenge. In
the end, it may be that the dynamics of key specification markers such as Gdf5, as well
as possible influx or recruitment of cells from the surrounding regions, results in
mosaicism in origin and expression that is is inherent to the meniscus progenitor pool.
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This may not be surprising, given the complex mechanical and morphological roles that
this unique tissue plays in the fully formed knee joint – one set of progenitors may simply
not be sufficient to achieve this sophisticated function.
4.3 EXTRINSIC REGULATION OF MENISCUS AND KNEE JOINT DEVELOPMENT
BY MUSCLE CONTRACTION
Starting at the same time that the general progression of joint development was
first described, debate commenced over whether diarthrodial joint morphogenesis was
intrinsically regulated by the cell populations or was guided instead by extrinsic cues. On
the one hand, work in the developing chick elbow demonstrated that the interzone cells
have the intrinsic capacity for joint formation, as surgical removal of the interzone
caused an absence of a joint fusion of adjacent cartilage rudiments (Holder, 1977). Yet,
in vitro embryonic chick knee explant studies dating back to the 1930s noted that while
the developing knee joint growth could be maintained in culture, joint cavities failed to be
maintained and underwent fusion (Fell and Canti, 1934). This work was perhaps one of
the first to suggest that “extrinsic factors” were directive in the knee joint morphogenesis
process. In the decades that followed, muscle contraction forces have become to be
appreciated as one of the central external cues for the proper formation of the knee joint.
We discuss some of the main findings that implicate muscle contraction and joint motion
in the developmental progression of knee joint formation below.

4.3.1 Meniscus and knee joint morphogenesis in the absence of muscle contraction:
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An overwhelming number of studies in embryonic chick hindlimb have shown that
proper formation of the knee joint is acutely sensitive to mechanical stimuli provided by
joint motion (Nowlan et al., 2010; Rolfe, Roddy and Murphy, 2013). In the chick,
embryonic movement can be abrogated by in ovo administration of neuromuscular
blockers that induce either flaccid (pancuronium bromide, PB) or rigid (decamethonium
bromide, DMB) paralysis, thus providing the ability to observe subsequent embryonic
development without the presence of muscle contraction forces. Importantly, in a
seminal study that specifically observed embryonic meniscus formation, Mikic et al.
noted that induction of rigid paralysis starting at day 6 of incubation (prior to interzone
establishment) still resulted in meniscal condensation two days later. However, and
strikingly, tissue formation subsequently failed to progress, as the condensate
dissociated, resulting in complete loss of the meniscus tissue structure (Mikic et al.,
2000) (Figure 4-3 a). This study established the notion that while mechanical forces may
not be necessary for meniscus cell specification, they most certainly required for the
subsequent maintenance of the condensed cellular state necessary to achieve functional
tissue formation.
While Mikic et al. was the first (and, to our knowledge, only) to directly look at the
impact of muscle forces on meniscus morphogenesis, many studies that preceded as
well as followed this work have determined that muscle contraction is indeed not
required for the initiation of interzone formation but is critical in maintenance of the knee
joint cavity. In the case of both rigid and flaccid paralysis in embryonic chicks, knee
interzone cells fail to maintain their delineated structure from the surrounding
chondrogenic rudiments of the femur and tibia, which results in joint fusion (Figure 4-3
b, (Drachman and Sokoloff, 1966; Ruano-Gil, Nardi-Vilardaga and Tajedo-Mateu, 1978;
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Persson, 1983; Osborne et al., 2002; Bastow et al., 2005; Kavanagh et al., 2006; Roddy,
Prendergast and Murphy, 2011; Singh et al., 2018)). Several studies have also
characterized changes in matrix molecules within the joint space in the absence of
muscle contraction, noting a decrease in hyaluronic acid (a crucial ECM component
produced by articular chondrocytes) production and elevation of cartilage-associated
matrix components in the presumptive knee joint as part of the progression towards joint
fusion in immobilized chick limbs (Lamb et al., 2003; Bastow et al., 2005). Additionally,
the absence of muscle forces seems to delay cartilage matrix development in the
adjacent femoral and tibial regions, resulting in loss of glycosaminoglycans and a
decrease in the instantaneous compressive modulus by up to 50% (Mikic, Isenstein and
Chhabra, 2004; Sawamura et al., 2006).

Figure 4-3: Representative findings on the impact of muscle contraction during knee joint
formation.
a) Adapted figure from Mikic et al., 2000, histologic sections of embryonic chick knees
developing with (control) or without (immobilized) muscle forces. Black arrows denote
meniscal condensations in control and immobilized groups. Note the complete absence
of meniscus wedge at Day 12 in the immobilized group. b) Adapted figure from Singh et
al., 2018. Histologic sagittal sections of a HH36 chick knee joint stained for Safranin-O
(cartilage) in control and immobilized conditions, showing formation of ectopic cartilage
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and fusion of the joint space in the immobilized group. Bottom panels are enlargements
of black boxes in the zoomed-out images. Scale: 100µm. c) Adapted figure from Eyal et
al., 2015 showing histologic sagittal sections of E14.5 and E16.5 patella and femoral
surface of wild type and mdg muscle mutant murine knee joints stained with Alcian blue
(cartilage) and nuclear fast red (nuclei). Star denotes patellar condensation. Note the
patellar fusion (black arrowhead) in the mdg joint at E16.5, Scale: 200µm.

Interestingly, timing and mode of paralysis differentially impacts the developing knee
joint structure. Osborne et al. noted that removal of muscle forces by either flaccid or
rigid paralysis prior to joint cavitation resulted in ‘cartilaginous fusion’ and specifically
highlighted the loss of both the menisci and cruciate ligaments. However, when the
authors allowed the joint to cavitate prior to paralysis, flaccid paralysis again led to joint
fusion, even after the cavity had already formed—with loss of hyaluronic acid on the
articular surface. In contrast, the same experiment conducted through induction of rigid
paralysis by DMB, in which some static tension is presumably maintained due to rigid
muscle contracture, joint cavitation and the presence of joint-specific matrix molecules
was partially preserved (Osborne et al., 2002). This result highlights that muscle forces
influence both the cellular events that precede cavitation as well as ensure the cavity’s
maintenance, and suggest that static as well as dynamic physical cues play a role in this
process. However, in performing these studies, the authors reported the changes to
knee joints as a whole. Though joint fusion somewhat implies loss of intra-articular
tissues (i.e., menisci, cruciate ligaments), it would be interesting to revisit such an
experiment to specifically look at the mode of failure. This would allow for a tissue
specific understanding of how muscle contraction forces sustain these fibrous tissue
structures after their formation. Finally, a recent study has also shown that paralysisinduced joint fusion can be partially rescued by terminating paralysis and inducing
hypermobility. Hypermobility in particular seemed to reverse the initial morphogenic
defects of paralysis—with the joint remarkably reverting to exhibiting demarcated
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femoral and tibial boundaries and the presence of a non-cartilaginous mesenchymal-like
layer appearing between the cartilage rudiments (Rolfe, O’Callaghan and Murphy,
2021). This striking finding, that cellular organization can be even partially recovered by
re-introduction of joint motion, further underscores that physical inputs are imperative for
dictating proper cell zonation and organization during knee formation.
While the discussed literature using in ovo paralysis models provides
overwhelming evidence that muscle contraction forces are required for chick knee joint
formation, literature from murine models paradoxically suggests a different outcome.
Inhibition of muscle contraction through neuromuscular blocker delivery is much more
difficult to perform during mammalian development, but genetic mouse models in which
muscle contraction is prevented via genetic mutations have been established. These
include “muscle-less” mice, wherein mutant animals lack skeletal muscle almost
completely due to a myogenic differentiation failure, and mdg muscular dysgenesis mice
which develop with non-contractile skeletal muscle. Thus, mutant embryos in these
strains are, in essence, paralyzed due to skeletal muscle deficiency. Curiously, while
these skeletal mutants develop a range of joint and soft tissue abnormalities (covered in
depth in the next chapter), the knee joint has been reported to develop without any gross
defects (Kahn et al., 2009). To date, the only observed perturbation to knee joint
development in muscle-less mutants is the failure of the patella to separate from the
underlying femoral surface—resulting in patellar fusion (Figure 4-3 c). This contrast
between the avian and murine models is particularly confusing, as other joints in the
mouse muscle mutants (elbow, shoulder, etc.), undergo fusion in a very similar fashion
to what has been described in chick paralysis studies. Thus, while it is clear that muscle
contraction forces play an important role in joint development, their role in the knee joint,
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specifically, has been called into question due to the variance in the described animal
models.
4.3.2 Modulation of interzone gene expression by muscle contraction forces.
Differences between chick and mouse notwithstanding, the repeated finding (in
chick) that muscle contraction is necessary for the proper progression of the knee joint
(and meniscus) development raises the interesting question as to the specific
mechanism by which muscle contraction impacts the joint formation process. One
appealing possibility is that the mechanical stimulus of muscle contraction may be
‘sensed’ by interzone cells following their specification and subsequently directs their
divergence from the cells of the surrounding cartilage rudiment. This has thus spurred an
interest in identifying potentially “mechanosensitive genes” that may dictate the
differential maturation and fate of interzone cells. Indeed, in situ hybridization has shown
that gene expression profiles associated with ligamentous and cartilaginous matrix and
signaling are altered in embryonic chick knees immobilized with DMB. Consistent with
the observation that the interzone or nascent intra-articular fibrous tissues are lost and
replaced by cartilaginous tissue upon paralysis and fusion, interzones in paralyzed
knees show increased expression of COL2A1 and PTHLP chondrogenic markers
(Roddy, Prendergast and Murphy, 2011). Concurrently, paralysis causes a loss of more
interzone specific markers. Consistent with studies noting the decrease in hyaluronic
acid abundance in the joint line of paralyzed knee joints (Osborne et al., 2002; Lamb et
al., 2003), cells of the interzone exhibited lowered expression of HAS2 and CD44, which
encode for molecules to synthesize and bind HA. Additionally, FGF2 and BMP2 were
also diminished at the joint line. Intriguingly, expression of these markers continued in
the adjacent inter-patellar-femoral fat pad region of joints, and expression of these
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markers was not modulated by muscle forces (Roddy, Prendergast and Murphy, 2011).
Furthermore, TNC (Tenascin-C), a ligamentous tissue marker which typically is
expressed at the presumptive articular surface of the developing femoral condyle and
tibial plateaus in embryonic joints as well as in meniscal condensates, was markedly
reduced in immobilized knee joints (Mikic, Isenstein and Chhabra, 2004; Roddy,
Prendergast and Murphy, 2011). Finally, in muscle-less mouse knees, the described
patellar fusion does seem to be a consequence of failed expression of Gdf5 at the
cavitation boundary, providing some evidence that the expression of this key
specification marker could be mechanosensitive. Thus far, how Gdf5 expression is
modulated in the knee joint cavity in response to loss of muscle contraction forces—in
chick or mouse—has not been reported.
In all, studies investigating transcriptional changes in the knee joint interzone
have been limited, but clearly show shifts in expression of key interzone markers and
improper expression of chondrogenic markers within the joint space in the absence of
muscle contraction. These results underscore that something about embryonic joint
motion maintains the differential phenotypic state of interzone cells following their
specification. Of course, to more broadly uncover which interzone specific markers and
signaling pathways may be mechanosensitive will take more expansive querying through
approached like RNAseq. Indeed, Rolfe et al. turned to such methods and analyzed the
expression profiles of pre-cavitation stage elbow interzone cells in wild-type and muscleless mice (Rolfe et al., 2014). These results will be discussed in further detail in the next
chapter. However, given that interzone expression profiles do appear to be at least in
part joint specific (e.g., elbow vs. knee (Pazin et al., 2012)), and the fact that the mouse
models of abrogated muscle contraction appear to have no deficit in knee joint
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formation, it would be interesting to apply powerful sequencing tools to probe for
mechanosensitive genes in the chick knee interzones (with and without paralysis)
specifically. Clearly, mechanical stimuli seem to impact interzone cells on the
transcriptional level, yet it is also still unclear whether the gene expression changes are
a direct response to the physical inputs, or if they lie downstream of other
mechanosensitive mediators (Roddy, Prendergast and Murphy, 2011).
4.3.3 Impact of muscle contraction on joint shape and mechanics

Early work in chick hindlimb paralysis proposed that muscle contraction
maintains the joint capsule and further ‘sculpts’ the surrounding articular surfaces of the
femur and tibia (Fell and Canti, 1934; Drachman and Sokoloff, 1966). Importantly, recent
advances in 3D imaging and analysis of developing knee joint rudiments have been
used to assess shape changes of the femoral and tibial surfaces, and thus has allowed
groups to explore this hypothesis. Specifically, Roddy and authors developed a way to
create 3D representations of embryonic limbs through whole-mount staining with dyes
such as Alcian blue (anionic dye which specifically binds to proteoglycans which are
enriched in cartilage ECM) followed by visualization using optical projection tomography
(OPT) and 3D volumetric reconstruction of the limb (Roddy et al., 2009, 2011; Roddy,
Prendergast and Murphy, 2011) (Figure 4-4 a). The resultant 3D projections of
developing limbs allow one to analyze the morphologic evolution of the cartilage
surfaces throughout the course of joint development, as well as to assess shape
changes as a result of abrogated joint motion. Interestingly, with rigid paralysis, Roddy et
al. noted marked and distinct shape changes in the surface of the distal femur—
including a flattening of the medial and lateral condyles and a narrowing of the
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intercondylar fossa (Figure 4-4 b). Importantly, by tracking the level of cell proliferation
in the regions that underwent morphologic alteration, the authors were able to correlate
altered tissue geometry to altered patterns of cell proliferation (Roddy, Prendergast and
Murphy, 2011).

Figure 4-4: Method for systematic evaluation of embryonic knee joint shape changes in
response to immobilization. Adapted from Roddy et al., 2011.
a) Single 2D optical slice of an OPT scan (left) and 3D reconstruction of a scanned
embryonic knee joint, with an applied mesh (right). Anatomical features denoted. b)
Shapes of embryonic distal femurs of control (blue) and immobilized (red) samples at an
unspecified age. Each line represents an outline from individual biological sample. Left:
dorsal (coronal) plane, middle: medial condyle (sagittal plane), right: lateral condyle
(sagittal plane). Brackets: Intercondylar fossa.
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Consistent with the theory that in mice, muscle contraction is not as influential to
knee joint formation as it is in chick development, shape alterations were much milder in
knee joints of muscle-less mice. Sotiriou et al. applied the same OPT technique to
extensively characterize geometric changes in TS23 (post interzone specification/precavitation) control and muscle-less mice, again revealing only subtle shape differences
between the femoral and tibial surfaces in the knee joints of muscle-less animals, but
profound changes in the joints of the forelimb, and hip (Sotiriou et al., 2019).
Nonetheless, alterations to the curvature of the medial femoral condyle and an increase
to the lateral condyle width were noted, as well as abnormal sharp perturbance of the
medial tibial surface into the joint space. However, this study did not investigate any
changes in cell proliferation or gene expression, and thus, it is not clear whether the
resultant shape changes occur as a consequence of the same growth-mediated
mechanism as in the chick limb. In all, analysis of 3D shape of embryonic knee joint
rudiments has demonstrated that muscle contraction contributes to the ‘sculpting’ of the
articular surfaces of the knee, as was posited by some of the pioneers in chick
immobilization studies.
The ability to create anatomically accurate 3D reconstructions of the embryonic
knee joint has also allowed for some interesting computational experiments exploring the
influence of joint motion on the generated internal stresses and pressures within the
knee joint. Using the volumetric reconstructions of developing chick hindlimbs, Roddy et
al. computationally simulated positions of flexion and extension of the knee joint and
predicted how biophysical stimuli such as hydrostatic pressure, fluid velocity, and von
mises stresses would be distributed through the interzone at different stages of
development, given the established geometric boundary conditions of the femur and tibia
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and measured material properties of the interzone at the examined timepoints.
Interestingly, as knee joints grew and geometric features of the femur and tibia became
more pronounced, interzone regions between the femoral condyles—wherein the
meniscal condensations occur—exhibited elevated hydrostatic pressures. By the time of
knee cavitation, strains, hydrostatic pressure, and fluid velocity were particularly
elevated in the medial meniscus compartment of the simulated knee joint, at both flexion
and extension (Roddy et al., 2011). While these computational approaches certainly
require experimental validation, they do provide a theoretical framework that suggests
that the developing knee joint interzone may be directly influenced by physical stimuli
that are a result of the growth-mediated expansion of the flanking femur and tibial
surfaces.
4.4 CONCLUSION

To summarize, work from the past century has established the general timeline
of embryonic knee joint development. While the initial cell pool that gives rise to the
meniscus and fibrous tissue of the knee has seemingly been identified and Gdf5 has
been established as the primary specification marker, how the interzone further evolves
to create a semilunar meniscus structure, and the molecular profile that distinguishes the
newly formed meniscus cells from other interzone-derived tissues, remains poorly
understood. It appears that at later stages of joint development, cells of the interzone
exhibit increased heterogeneity, either due to alternate fate specification based on
spatiotemporal variance in Gdf5 expression, influx of cells from the peripheral
mesenchyme, or mechanisms that have not yet been elucidated. Finding the origins of
this mosaicism may be important for understanding meniscus development in particular,
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as understanding the origin and characteristics of the cells that initially form the tissue
has important implications to understanding how much of the regional heterogeneity in
matrix composition and structure observed during its growth is governed by cell-intrinsic
or biophysically mediated means.
The mechanism of cell specialization is further confounded by the striking
evidence that following interzone formation, the subsequent process of knee joint
morphogenesis is exquisitely sensitive to extrinsic biophysical factors, the most studied
of which has been joint motion due to skeletal muscle contraction. This finding is
particularly intriguing when coupled with our evolving understanding that cells—on a
single and collective level—are able to sense and respond to external physical stimuli.
This mechano-sensation suggests that observed changes in cellular proliferation,
organization, gene expression, and ultimately differentiation, could all be partially
controlled by physical inputs. This highlights an exciting possibility that the mechanisms
driving knee joint morphogenesis, and meniscus formation in particular, could be guided
by mechanobiologic principles. Aside from the seminal study by Mikic et al., however,
the mechanistic role of biophysical cues has not been considered in the study of the
embryonic meniscus. While the potential regulation of meniscus biology by mechanical
loading has been well appreciated in the context of postnatal growth, homeostasis, and
disease, the fact that mechanical inputs could be instructive at the earliest timepoints of
the tissue’s formation highlights an exciting and underexplored area of research that
warrants further investigation.
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CHAPTER 5: MECHANOBIOLOGIC FACTORS ASSOCIATED WITH FIBROUS LOAD
BEARING TISSUE DEVELOPMENT
5.1 INTRODUCTION
As highlighted in the previous chapter, studies in musculoskeletal development,
specifically within the realm of joint and meniscus morphogenesis, have focused on
careful mapping of key developmental timepoints and analysis of expression profiles that
define the emergent tissues. These studies have been pivotal in identifying the genetic
markers that specify cell subpopulations and have paved the way for mouse lineage
tracing studies that have allowed the tracking of nascent embryonic cells throughout
development and postnatal growth.
Transitions in molecular and transcriptional activity certainly provide a good
understanding of the evolution of cell fate. However, a large part of tissue function is
encoded in its geometry and the physical arrangement of the cells themselves. How cell
populations achieve coordinated organization in 3D space is a much less understood
process. Decades of work have shown that cells and cell collectives are able to sense
and respond to their biophysical environments in vitro and during embryonic
development (Wozniak and Chen, 2009; Farge, 2011; Mammoto, Mammoto and Ingber,
2013; Ingber, Wang and Stamenović, 2014; Ladoux and Mège, 2017; Vining and
Mooney, 2017; Ayad, Kaushik and Weaver, 2019). In development, the manifestation of
these mechanobiologic principles have thus far been extensively highlighted in the field
of epithelial sheet development—detailing how physical cellular organization, migration,
expansion, and stress/strain generation all emerge and lead to key morphogenic
phenomena such as folding (Davidson, 2012; Kim and Nelson, 2012; Siedlik and
Nelson, 2015; Hughes et al., 2018). Epithelial tissues are unique due to their inherent
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polarity, making principles learned from such work hard to apply to formation of
mesenchymal musculoskeletal tissues like the meniscus, cartilage, tendons, and
annulus fibrosus. Yet, the fundamental concept that physical forces, both external and
cell-generated, can influence and drive the course of morphogenesis is undoubtedly true
in these tissues as well, though relatively understudied.
In this chapter, we will look beyond the meniscus to outline manifestations of
biophysical regulation of morphogenesis in the development of other fibrous load
bearing tissues, such as tendon and annulus fibrosus. While certain observed
phenomena invariably are cell-type and tissue specific, the mature meniscus—both in
form and in function—shares many attributes with these other connective tissues (as
addressed in Chapter 2). Given the sparsity of studies focusing on the biophysical
regulation of meniscus formation, this chapter aims to highlight what is known about
mechano-regulation of morphogenesis of other dense connective tissues in order to
motivate and support the work discussed in the subsequent chapters.
5.2 CELL-INTRINSIC PHYSICAL CUES GUIDING FIBROUS TISSUE
MORPHOGENESIS
Cells are not just passive elements of either in vitro or in vivo environments. They
have a specific set of molecular machinery to perceive their surroundings (matrix
stiffness, alignment, shape) and can interact with these surroundings to guide and shape
tissue function. Recent work defining the mechanism by which this ‘mechanoresponse’
occurs have provided valuable insight and has been extensively reviewed (Eyckmans et
al., 2011; Mammoto, Mammoto and Ingber, 2012; Mui, Chen and Assoian, 2016; Kumar,
Placone and Engler, 2017; Ruprecht et al., 2017; Janmey, Fletcher and Reinhart-King,
2020). At the most basic level, it is generally appreciated that (at least in an in vitro
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context), cells employ transmembrane proteins such as cadherins or integrins to adhere
to surrounding cells and ECM molecules, respectively, thereby establishing contact with
and ‘sensing’ the surrounding environment. Intracellularly, these molecules also
associate with filamentous actin, which in combination with bound myosin motor
proteins, pulls on established adhesions, thus resulting in cell-generated force and
traction, and initiating signaling cascades that may result in alterations of transcriptional
activity (mechanotransduction). Actomyosin filaments are also tethered to the nucleus
through nuclear-membrane bound complexes, such that cellular tension also transfers
forces to the nucleus and chromatin within (Heo et al., 2018; Kirby and Lammerding,
2018). In this manner, the resident cells are able to both impart physical signals from
their surroundings and interpret physical cues from their microenvironment. Here, we
consider evidence that the intrinsic abilities of cells to adhere, align, and contract to
generate force that contributes to the morphogenesis of fibrous connective tissues.
5.2.1 Cellular organization, alignment, and adhesion
Research dating back to the early-1900s provides exquisite histological analysis
of developing synovial joints, tendon, and spine—detailing the evolution of gross tissue
morphology and cellular organization (Walmsley, 1940, 1953; Haines, 1947). More
recently, Hayes et al. and Ralphs et al. have reported strikingly similar observations
during cellular patterning of rat annulus fibrosus (AF, fibrous external portion of the
intervertebral disc) and chick tendon. These similarities highlight fundamental processes
that may be conserved in the formation of structures with a high degree of anisotropy
and matrix alignment. In both tendon and AF, resident cells appear to coordinately align
during developmental progression, and this alignment is accompanied by the presence
of the mesenchymal adherens junction protein N-Cadherin (Hayes, Benjamin and
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Ralphs, 1999; Ralphs, Waggett and Benjamin, 2002). Additionally, embryonic chick
tendons have also been shown to express high levels of Cadherin-11, perhaps
expressed by a subset of cells not expressing N-Cadherin (Richardson et al., 2007).
Both sets of data suggests that cadherin-mediated cell-cell interactions are present
during cell patterning. Actin cytoskeletal fibrillation also appears to be a hallmark of cell
patterning in both the AF and tendon, with actin ‘cables’ running along the long axes of
the elongated cellular bodies (Hayes, Benjamin and Ralphs, 1999; Ralphs, Waggett and
Benjamin, 2002; Schiele et al., 2015)(Figure 5-1). Remarkably, within the AF, not only
do cells achieve linear alignment, but cellular layers organize into the stereotypic angleply orientation that mimics the lamellar organization of the collagen matrix in the mature
tissue (Hayes, Benjamin and Ralphs, 1999).
In both tendon and AF, embryonic cellular alignment has been posited to be
important for initiating matrix alignment that is key for proper mechanical function of the
mature tissues. In the AF, this notion arose from the fact that positive staining for
collagen molecules within the forming tissue was seen after cells were patterned, and
collagen fiber patterns mimicked that of cell cytoskeletal organization (Hayes, Benjamin
and Ralphs, 1999) (Figure 5-1 a). Indeed, studies of embryonic tendon showcase a
similar occurrence. Visualization of fibrillar actin alongside SHG imaging of fibrillar
collagen within the embryonic tissue revealed similar organization between the
subcellular actin network and extracellular collagen fibrils, including the presence of
crimping in both structures (Schiele et al., 2015) (Figure 5-1 b). Additionally, the
assembled and aligned actin filaments of embryonic tendon cells seem to substantially
contribute to the microscopic compressive properties of the nascent tissue, as ex-vivo
treatment of the tendons with Blebbistatin (a small molecule myosin inhibitor) reduced
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the elastic modulus of the tissue, as measured by AFM (Schiele et al., 2015). Notably,
cells of the embryonic AF seemed to switch use of adhesion molecules; while NCadherin localized to cell junctions during initial cell patterning, this molecule was
replaced by a5 and b1 integrin puncta coincident with the emergence of collagen fibers,
possibly indicating a switch between cell-cell and cell-matrix interaction (Hayes,
Benjamin and Ralphs, 1999). In vitro studies have shown that this change in cell-cell to
cell-matrix interactions can feed back to impact cell mechanotransduction and fate
decisions (Cosgrove et al., 2016).

Figure 5-1: Cell patterning during fibrous tissue formation.
a) Adapted figure from Hayes et al. 1999, showing the progression of annulus fibrosus
formation in a rat model. Panel 14: Actin (green) and nuclei (red) at the E16 stage. Panel
16: Actin (green) and tropomyosin (red) staining in an E18 AF. Note the lamellar pattern of
both stains. Panels 32 and 33: Fibronectin and Collagen staining in the annulus at E21
and birth, respectively. Note the lamellar organization of the fibers. b) Adapted figure
from Schiele et al. 2015, showing co-alignment of cell actin fibrils (green) and SHG
fibrillar collagen signal (red) in HH37 embryonic chick tendons.
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These developmental observations of cell alignment preceding matrix deposition
underscore the fact that cell positioning plays a key role in ECM orientation (Hayes,
Benjamin and Ralphs, 1999; Benjamin and Ralphs, 2000). To this end, work from the
Kadler group has made significant progress in understanding the mechanism by which
cell patterning dictates matrix orientation. Aided by high resolution transmission electron
microscopy (TEM) and serial block face SEM (SBF-SEM) imaging techniques, Canty et
al. demonstrated that in embryonic chick tendons, singular collagen fibrils are guided to
the cellular surface and into intracellular channels by finger-like cell plasma membrane
protrusions (termed ‘fibripositors’) that run parallel to the long axis of the forming
embryonic tendon tissues (Canty et al., 2004). These fibripositors have been identified in
chick and mouse embryonic tendons (Canty et al., 2004, 2006; Kalson et al., 2013,
2015), mature mouse tendons (Kalson et al., 2015), as well as tissue-engineered tendon
mimics (Kapacee et al., 2008; Bayer et al., 2010). Interestingly, the presence and
alignment of these fibripositor structures is dependent on actin filament cables, which
run along their cytoplasmic face. Treatment with cytochalasin (inhibitor of actin
polymerization) caused complete loss of the membrane protrusions, and while collagen
fibrils were still able to be secreted, they were no longer linearly aligned (Canty et al.,
2006). Additionally, as fibril deposition continued, the growth of the fibers during tendon
maturation was continuously bounded by cell-cell adhesions between two neighboring
cells (Kalson et al., 2015). This maintenance of cell adhesions continues during
postnatal growth, suggesting that cell-cell contacts may provide physical constraints
needed to instruct proper fiber size during development and growth (Kalson et al., 2015).
Collectively, these works suggest that the link between cell and matrix alignment
happens at the level of nascent collagen fiber deposition in the embryonic tissue,
wherein the cytoplasmic protrusions, oriented by aligned actin filaments, guide the
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export of synthesized collagen fibrils to be parallel to the cell bodies, thus matching the
alignment of the cells and the matrix. In all, characterization of embryonic development
of two distinct fibrous tissues across multiple species suggests that during patterning,
cell adhesion and cytoskeletal alignment is used to create a structural scaffolding upon
which matrix is deposited and organized.

Figure 5-2: Mechanisms of collagen fibril deposition and alignment.
a) Adapted figure from Canty et al. 2004. Left: SEM image of a single collagen fibril being
deposited into an extracellular fibril bundle by a membrane bound cellular protrusion
called a fibropositor. Scale: 500nm. Right: a cut-away view of a 3D reconstruction of a
fibril exiting the fibropositor. b) Adapted figure from Kalson et al., 2015, outlining the
proposed mechanism of aligned fibrous tissue growth. Cellular contacts are maintained
and serve as boundaries into which collagen fibrils are deposited.
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5.2.2 Cell-generated stresses and strains during embryonic tissue formation
The emergence of highly fibrillar actin organization during fibrous tissue
patterning implicates cell contraction as a possible contributor to the embryonic tissue
formation process. Indeed, vinculin and integrins a5 and b1—proteins associated with
mechanosensitive cell-matrix focal adhesion complexes—co-localized along actin fibrils
in aligned embryonic AF cells (Hayes, Benjamin and Ralphs, 1999). Additionally,
tropomyosin staining was also associated with the actin filaments at the timepoints in
which cells and their cytoarchitecture were patterned, suggesting that some of the key
molecular motors capable of exerting intercellular forces along the aligned actin fibers
are also present (Hayes, Benjamin and Ralphs, 1999).
Yet, functionally testing the degree of cell contraction and its role during tissue
formation is experimentally difficult, and to our knowledge, has not been attempted in the
study of connective tissue development. However, tendon tissue mimics—generated
through high-density seeding of embryonic chick tendon fibroblasts onto pinned and
anchored fibrin gels—can generate linear cell organization and nascent matrix alignment
through the use of fibripositors, akin to the embryonic context (Kapacee et al., 2008).
Similar approaches have also been attempted for the meniscus (Puetzer, Koo and
Bonassar, 2015; Puetzer et al., 2021), and these experimentally tractable systems
provide an avenue for understanding the contribution of cell-generated forces to tissue
formation. Indeed, tendon constructs naturally develop tension as a result of myosinmediated contraction against the rigid suture posts, as removing one of the anchoring
pins induced tissue shortening and bending that was prevented by myosin motor
inhibition via blebbistatin (Kalson et al., 2013). Blebbistatin treatment also modulated the
state of the fibripositors in a way that suggested to the authors that collagen fibrils
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transported within these actin-rich cellular protrusions are pinched and pulled through
acto-myosin generated cell forces to straighten the fibrils during deposition (Kalson et
al., 2013). Interestingly, developed constructs achieved a tension ’set point’, established
through an equilibrium between the stress-relaxation properties of the cell-generated
ECM and actomyosin cellular contraction (Holmes et al., 2018). External de-tensioning
and re-tensioning initiated a cell-derived oscillatory tensioning response that was
achieved through the synchronization of individual cell forces and was myosindependent (Holmes et al., 2018). While certainly a far cry from the embryonic in vivo
context, work in embryonic tendon mimics provides some of the best evidence that cells,
through actomyosin contractility, are able to coordinately generate appreciable forces
that may respond to the growth generated extrinsic forces (described below) to maintain
a tensional balance permissive of nascent ECM establishment and growth in vivo.
5.3 IMPACT OF EXTRINSIC FORCES ON FIBROUS TISSUE DEVELOPMENT
The extracellular environment that evolves as tissues develop may in it of itself
be a mechanical signal that modulates cellular response. The stiffness of the cellular
milieu has certainly been shown to have an impact of cellular phenotype and fate.
Additionally, mechanical stimuli can be imparted on developing cells and tissues through
dynamic external application of tensile or compressive forces, or through quasi-static
stresses and strains generated through expansion and growth of the tissue itself. The
following sections will highlight several biophysical inputs and their potential role in
directing fibrous tissue development.
5.3.1 The growth-mediated mechanical microenvironment
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After formation, fibrous connective tissue growth is predominated by extracellular
matrix deposition. Unsurprisingly, work in tendon has shown that this correlates with a
dramatic increase in ECM mechanical properties at later stages of development. In
chick, atomic force microscopy measurements have shown that the embryonic tendon
matrix undergoes a 2-fold increase in elastic modulus in a span of about 4 days (HH4043)(J. E. Marturano et al., 2013). Bulk tensile measurements have also shown a
remarkable increase in the strength of embryonic tendons in a period of just 4 days—
with an 8 fold increase in modulus and roughly a 20-fold increase in ultimate tensile
strength (McBride, Hahn and Silver, 1985; Peterson et al., 2021). These changes in
matrix properties are in part due to increased crosslinking of the collagen matrix, as
treatment of chick embryos with BAPN, an inhibitor of the collagen crosslinker lysyl
oxidase, significantly reduced tendon indentation modulus without having an impact on
total collagen abundance (J. E. Marturano et al., 2013; Marturano et al., 2014). These
measures of the matrix material properties imply an evolution of the mechanical cellular
microenvironment—both highlighting a stiffening of the matrix which cells interact with
and implying a possible change in strain transmission through the evolving matrix
structure.
At both the macro and micro scales, much of tissue development also happens in
the presence of physical boundary constraints—for example, from the bounds of the
embryonic chamber (e.g., uterine wall, amniotic sac) or peripheral tissues, or due to
attachments that integrate adjacent developing tissues as they grow (e.g., myotendinous
junctions, tendon/ligament entheses). Developmental growth of tissues happens in
concert, and differential rates of growth or fluid accumulation in the presence of physical
constraints generate internal stresses and strains that may act as instructive cues for
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tissue development (Henderson and Carter, 2002). The development of the
intervertebral disk disc (IVD) tissues provides perhaps one of the most vivid examples of
how morphogenesis can be directly impacted by growth-associated forces at multiple
scales. The inner nucleus pulposus originates from the notochord—a tube-like tissue
characterized by a high proteoglycan matrix content, resulting in high fluid retention and
swelling pressure (Stemple, 2005). Furthermore, the elongation of the notochord itself—
driven by convergent extension along the anterior-posterior axis— is concurrent and
reliant on the hydrostatic pressure of the adjacent amniotic cavity. In mice, in vitro
depressurization of the amniotic cavity with a glass capillary prevented the stacking of
notochordal cells and abolished their alignment and growth along the AP axis due to
decreased accumulation of Vangl2—one of the PCP proteins (Imuta et al., 2014).
At later stages of development, the notochord is first surrounded by scleratomal
cells in a sheath, and then segmented along the anterior-posterior axis by the
mesenchymal condensations that eventually form the vertebral bodies. This process
produces the inner proteoglycan-rich nucleus pulposus (notochord derived) and fibrous
annulus fibrosus (axial mesoderm derived) (Sivakamasundari and Lufkin, 2012).
Notably, the segmented notochord acquires a characteristic ‘bulge.’ (Figure 5-3 a) This
shape change has been thought to reflect a pressurization and ‘squeezing of the
notochord by the expanding and maturing vertebral bodies while being constrained
circumferentially by the forming annulus fibrosus (Walmsley, 1953; Hayes, Benjamin and
Ralphs, 1999). Interestingly Hayes et al. noted that the bulging of the inner disc was
coincident with the cross-hatched patterning of AF cells, and proposed that AF cell
patterning was dependent on hydrostatic pressure forces from the notochord (Hayes,
Benjamin and Ralphs, 1999). Investigation of avian versus murine IVD formation
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supports that NP pressurization could direct the alignment of surrounding AF cells.
Unlike mammals, chick AF does not appear to bulge, and remarkably, the AF does not
form the characteristic lamellar structure seen in mice and rats (Ghazanfari et al., 2018).
Additionally, Col2a1 knock-out mice revealed that, while initial patterning of the spine is
unaffected by loss of Col-II, resultant vertebral bodies failed to undergo
chondrogenesis—resulting in enlarged structures that had poorly organized collagen
matrix and importantly, failed to segment the notochord (Aszódi et al., 1998).This was
hypothesized to be due to the aberrant matrix of the vertebral bodies that was not able to
generate the swelling pressure needed to force notochord compression and
segmentation (Aszódi et al., 1998). Taken together, the process of IVD development
exemplifies how extrinsic pressures from adjacent cavities and surrounding tissues can
modulate both gene expression, tissue compartmentalization, and cellular alignment.

Figure 5-3: Evidence of growth mediated expansion and strain generation.
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a) Adapted figure from Hayes et al. 1999, showing progression of intervertebral disc
development through histologic imaging. Panel 1: Toluidine blue (proteoglycan stain)
histologic image of an embryonic rat spine at E15.5 in the midsagittal plane. Note the
tube-like, stain-rich notochord structure (n) surrounded by mesenchymal condensation
starting to form the vertebral bodies (vb) and the outer disc (d). The disc cells are closely
packed and flattened. Panel 2: Embryonic rat spine at E16, stained for Toluidine Blue.
Note the marked enlargement and increase in proteoglycan content of the vertebral
bodies, and the pinched off notochord, which has become the inner nucleus pulposus
(np) part of the IVD. Note the bulged shape of the np. b) Adapted figure from Henderson
et al., 2006, showing Safranin-O (proteoglycan stain)/Hematoxylin (nuclei) stained
transverse sections of a developing mouse zeugopod at the denoted stages. Circular
cartilaginous condensations are the growing cartilage rods of the developing bone.
Flattened, non-chondrogenic cells can be seen circumferentially aligned around the
border of the cartilage condensate (perichondrial cells). Scale: 100µm.

Interestingly, similar phenomena manifest during the development of long bones
between the growth of the pre-ossified cartilaginous condensation and the surrounding
perichondral fibrous sheath. In mouse and in chick, initiation of perichondrium formation
is seen with the emergence of a barrier between the cartilage condensation and
adjacent tissue—comprised of flattened circumferentially aligned fibroblastic cells around
the expanding cartilage core (Rooney and Archer, 1992; Henderson and Carter, 2002).
This initial circumferential alignment of the naïve perichondrial cells was posited to be a
response of the cells to the growth-generated radial pressures of the surrounded
cartilage rod (Figure 5-3 b). Indeed, Henderson et al. performed measurements on
murine bone development and noted that the rate of change in the increase of area did
not change with time for the perichondral condensation, while the internal cartilage
condensation expanded dramatically—indicating a mismatch in growth rates of these
associated tissues (Henderson et al., 2006). Using finite element modeling, the group
demonstrated that a scenario in which bounded cartilaginous condensations grew faster
than the surrounding cell sheath indeed generated pressure within the bounded cartilage
rudiment and tensile strain in the surrounding perichondrium (Henderson et al., 2006).
This modeling supported the hypothesis that perichondral cellular alignment may be
stimulated by growth-generated circumferential strains. Furthermore, this circumferential
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compaction of cells during radial expansion of cartilaginous bone condensation has been
proposed to act as a mechanical sleeve—restricting radial expansion and instead driving
longitudinal growth of the developing long bone. Indeed, if rudiments were grown in
culture in the absence of the surrounding perichondrium, they took on a bent S-shape
rather than retaining their straight shape (Rooney and Archer, 1992). Thus, just like the
case of the intervertebral disc, the development of the periosteum relative to the long
bone highlights another example of how the reciprocity in mechanical signals from
adjacent tissues can drive cellular alignment and direct tissue growth.
As tendon physically links muscle and bone, the idea of coordinated embryonic
growth is also interesting to consider for the development of this tissue. Specification of
muscle and tendon occurs separately, but their relative growth is spatiotemporally
associated (Kardon 1998). Indeed, the fact that tendons must undergo dependent and
coordinated growth with the adjacent muscle, and “keep pace” with it has been echoed
by others (Wolpert, cellular bases for skeletal growth, Comer 1956). Additionally, the
tendon-muscle unit must also keep pace with growth of adjacent long bones. In fact,
relative growth rates, such as ones between muscle, tendon, and bone, can generate
strains within the tissues (Henderson and Carter, 2002), and it has been postulated that
lengthening of the bone puts strain on the attached tendon. Experimentally, however,
perturbing embryonic growth-generated strains within the tendon has not been
attempted, and remains experimentally intractable. Kalson et al., however, once again
employed the in vitro tendon mimic model to compare how cell-seeded linear constructs
mature with or without the application of slow stretch. Importantly, using a previous
finding that the chick 3rd toe length nearly doubles in a span of 4 days and is
accompanied by a relative lengthening of the metatarsal tendon provided the authors
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with an embryologically relevant elongation rate, which was then applied during the
growth of the in vitro tissue construct (Kalson et al., 2011). Strikingly, constructs grown in
the presence of applied strain exhibited enhanced cell elongation and increased ECM
properties, including collagen fibril diameter, and mechanical stiffness, relative to
unstrained controls. Once again, this developmentally inspired in vitro approach provides
some evidence of how extrinsic mechanical cues directly impact nascent tissue growth,
and vice versa.
5.3.2 Muscle contraction
While we typically associate skeletal muscle contraction with postnatal function,
muscle tissue develops and initiates contraction well before birth, resulting in
spontaneous movements of the embryo. Initiation of movement has been detected at
roughly embryonic day E13 in mice, distal limb movements start at day 4 post
fertilization in the chick, and fetal kicks start at 7 weeks, with forces significantly
increasing at 20-30 weeks of gestation in humans (Hamburger et al., 1965; Kodama and
Sekiguchi, 1984; de Vries, Visser and Prechtl, 1986; Suzue and Shinoda, 1999; Mikic et
al., 2000; Verbruggen et al., 2018). In all three species, onset of muscle contraction
occurs in tandem with the development of many musculoskeletal tissues.
As touched upon in the previous chapter, one approach in elucidating the impact
of muscle forces on development of tissues is been through use of genetic mouse lines
that harbor mutations that interfere with the muscle development process. These include
Spd and Myf5-/-; MyoD-/- mutants (Franz et al., 1993; Kassar-Duchossoy et al., 2004),
which contain mutations that prevent muscle progenitor migration and differentiation that
results in almost complete loss of skeletal muscle, and mdg mutants (Pai, 1965), which
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develop paralyzed skeletal muscle as a result of loss of excitation-contraction coupling
due to a mutation in a calcium channel subunit (Figure 5-4 a). Notably, however, these
are global mutations that impact development of the whole embryo, such that modulating
the timing of paralysis is not possible, and animals are not viable post birth. One group
has successfully delivered a neuromuscular blocking agent to embryonic rats in utero
(Rodríguez et al., 1992), but overall, these studies are rare in mammalian systems. In
chick, however, muscle paralysis can be induced through delivery of neuromuscular
blocking agents through the chorioallantonic membrane, allowing paralysis to be induced
in an experimentally controlled manner. Additionally, both rigid and flaccid paralysis can
be induced via delivery of agents such as decamethonium bromide (DMB) and
pancuronium bromide (PB), respectively (Osborne et al., 2002; Peterson et al., 2021).
These manipulations allow for further dissection of how the response of embryonic
tissues varies in the presence of constant static tension (rigid paralysis) compared to a
complete lack of external tension (flaccid paralysis) (Figure 5-4 b).

Figure 5-4: Overview of existing models for studying the role of muscle contraction on
embryonic tissue development.
a) Some of the existing muscle mutant mouse models overviewed in the text, which have
abrogated muscle contraction due to defects in skeletal muscle formation. Bottom
schematic adapted from Kahn et al., 2009, marking skeletal regions that have been
characterized to have abnormalities in just the mdg (yellow) and mdg and Spd (red)
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mutant embryos. Right panel is adapted from Rolfe et al., 2018 showing elbow joints in
WT and Spd embryos stained for Col2a1 via in situ hybridization. Note the joint fusion
(red arrow). b) Examples of muscle paralysis approaches in chick embryonic
development using DMB and PB. Bottom left schematic adapted from Nowlan et al., 2010,
indicating joints (in red) that have been shown to be impacted by muscle paralysis during
development. Right panel adapted from Roddy et al., 2011, demonstrating joint fusion of
the chick knee following paralysis with DMB. Tissues stained for Col2a1 via in situ
hybridization. Note the loss of menisci (m) and articular cartilage ‘chondroginous layer’
(cl). Scale: 100µm.

In all, both embryonic mouse and chick models have also been used to
showcase the profound impact abrogation of muscle contraction and embryonic
movement on the development of joints, fibrous load bearing tissues, bone and cartilage
(Kahn et al., 2009; Nowlan et al., 2010; Rolfe, Roddy and Murphy, 2013; Felsenthal and
Zelzer, 2017). In the last chapter, we previewed some of the known morphogenic effects
of muscle contraction on the knee joint by highlighting the work of Mikic et al—which
showed that in ovo hindlimb paralysis with DMB inhibited meniscus formation by
seemingly inhibiting sustained cellular condensation (Mikic et al., 2000). Development of
tendons and ligaments are also significantly impacted by muscle contraction forces.
While these tissues are specified, the initial condensates fail to elongate and grow as
development progresses (Havis et al., 2016; Subramanian et al., 2018). While muscle
contraction does not impact initial expression of the specification marker Scleraxis by
developing tendon cells, DMB paralysis in chicks resulted in decreased expression of
key tenogenic markers Scx, Tnmd, and Thbs2, as well as signaling components of the
FGF and TGFβ2 pathways (Havis et al., 2016). In zebrafish, inhibition of muscle
contraction also impeded formation of cellular protrusions in the developing tendon.
Furthermore, lack of muscle contraction in chick tendons significantly decreases
mechanical properties as measured both by atomic force microscopy and bulk
mechanical testing (Pan et al., 2018; Peterson et al., 2021). This could partially be
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explained by decreased collagen crosslinking, as nascent tendon matrix had decreased
lysyl oxidase activity in the absence of muscle contraction (Pan et al., 2018).
Given the profound impact of muscle development and contraction on tendon
and the knee joint, it is not surprising that these processes also alter other
musculoskeletal elements, and has been extensively reviewed (Nowlan et al., 2010;
Shwartz, Blitz and Zelzer, 2013; Arvind and Huang, 2017; Felsenthal and Zelzer, 2017)
(Figure 5-4). Mice that either lack limb musculature (Spd and Myf5-/-; MyoD-/- mutants) or
lack muscle contractility (Mdg mutants) display shape changes in the developing
opposing cartilaginous rudiments (e.g. lack of concavity in the radius-ulna, hip socketfemoral head junctions), and notably, fail to undergo joint cavitation in some joints (Kahn
et al., 2009; Sotiriou et al., 2019). Specifically, mutants with perturbed muscle function
exhibit fused shoulder, elbow, and hip joints, and partial fusions in select carpal
elements in the wrist, as well as the metacarpals (Kahn et al., 2009). These phenotypes
are hypothesized to be (in part) due to an improper differentiation sequence of joint cells.
Without embryonic movement, interzone cells are specified, but do not exhibit their
stereotypic flattened morphology, have altered proliferation, largely fail to shut off the
expression of chondrogenic markers such as Col2 and Matn1, and show reduced βcatenin activation (Kahn et al., 2009). The regulation of joint cell phenotype by muscle
contraction is further supported by a study comparing gene expression profiles from
E14.5 humeral heads of control and muscle-less (Spd) mice by micro-array and RNAseq (Rolfe et al., 2014). Elbow joints of muscle-less mice exhibit upregulation of negative
Wnt signaling modulators, such as Sfrp2, and Dkk2, supporting the notion that muscle
contraction activates canonical Wnt signaling within the joint space (Rolfe et al., 2014).
In fact, Rolfe et al. conducted a broad assessment of mechano-sensitive genes within
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developing joints by comparing expression profiles of control and Spd mouse elbow
joints via micro-array and RNAseq. This genome-wide comparison also identified genes
associated with cell-signaling pathways, extracellular matrix components, and
interestingly, the cytoskeleton as being some of the most modulated between control
and muscle less groups. In all, studies in mice have made a strong case that joint
formation is a mechano-sensitive process, whereby muscle derived forces play a crucial
role in directing proper joint development. However, the precise mechanisms governing
this process is still an active area of research.
Another area that has been far less explored is the influence of muscle
contraction on the developing intervertebral disk and spine. In mice, the lack of muscle
contraction (Mdg mutation) caused a reduction in the joint space of the cervical and
lumbar vertebra at E18.5, without apparent changes in the muscle-less mutants (Kahn et
al., 2009). Previous studies in Myf5-/-; MyoD-/- muscle-less mice, however, did show
fusion, though only in the cervical spine (Rot-Nikcevic et al., 2006; Kahn et al., 2009).
Unlike data from knee joint studies, these results are largely in agreement with in ovo
studies using flaccid and rigid paralysis to perturb muscle function in chick embryos—
with prolonged rigid paralysis also causing fusion in the cervical spine, as well as
changes to the lumbar spine curvature (Rolfe et al., 2017). Importantly, like the knee
joint, the developmental stage at which paralysis was induced seemed to play a large
role in the observed outcomes. Paralysis that was induced prior to formation of the
vertebral elements caused curvature (before E5), segmentation, and vertebral shape
changes within the spine. In contrast, induction of paralysis after the cartilaginous
vertebral elements had been fully established (E6) led to only slight wedging in the
thoracic region (Rolfe et al., 2017). In fact, induced rigid paralysis for just one day within
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the window of vertebral element formation severely affected the downstream
development of the spine, with immobilization for 24 hours at E4 leading to the most
pronounced effects. Thus, the timing of muscle inhibition seems to be an important
factor that can modulate distinct attributes of spine development (Levillain et al., 2019)
and again, highlights that it may be a concept relevant to the study of the development of
other joints. In all, work linking muscle contraction to spine development has mainly
focused on changes in spine and vertebral body shape, leaving many questions about
how these forces impact development of fibrous structures such as the intervertebral
disk, largely unexplored.
5.4 CONCLUSION
In a letter titled “On the Principles of Animal Morphology” published in 1888,
anatomist Wilhelm His (credited with developing the microtome) wrote:
“…to think that heredity will build organic beings without mechanical means is a
piece of unscientific mysticism” (His, 1888. Adapted from (Nowlan et al., 2010)).
While certainly a bold claim, this quote underscores that the critical importance of
physical cues in morphogenesis has been acknowledged for over 100 years. Yet, we are
still at the nascent stages of deciphering what exactly such ‘mechanical means' really
are and the mechanism by which they impact development of for fibrous load bearing
tissues at the cellular level.
From even the modest amount of in vivo work examining biophysical regulation
of fibrous tissue morphogenesis outlined in this chapter, the emergent theme is that
development is a balancing act of intrinsic (cell mediated) and extrinsic forces that
feedback on each other and drive development forward. Cells polymerize their actin
cytoskeleton and activate their actomyosin network, possibly due to enhanced cell-cell
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and cell matrix adhesions, pulling themselves into alignment and directing the
linearization of deposited fibrous extracellular matrix. Rapid deposition of matrix and the
associated confined tissue growth generates internal stresses and strains, such as
tensile strains in the case of coordinate muscle-tendon-bone unit outgrowth, or swelling
and hydrostatic pressurization, as in the case of the notochord-annulus fibrosus or boneperiosteum relationship. These generated strains in turn further provide instructive cues
for the resident cells, as cellular condensates sense extrinsic tension and coordinately
respond to it to preserve a tension set point, as demonstrated in embryonic tendon
mimics. Evidence of growth-generated mechanical feedback is also substantiated by the
alignment of the AF cells after NP bulging and periosteum cell lengthening. Finally,
extrinsic mechanical forces from the newly deposited matrix itself as well as adjacent
tissues also provides an important mechanical input to the developing fibrous
structures—altering tissue growth and modulating cellular behavior at the transcriptional
level and likely modulating the mechanical feedback loop necessary for proper tissue
formation. Ultimately, of course, the overall morphogenesis and growth of tissues must
involve an integration of the discussed mechanical control with molecular and perhaps
epigenetic regulation at the cellular level. Much of this, however, remains to be
elucidated.
In all, these reviewed studies establish the lens through which meniscus
development will be considered in the following chapters, wherein we work to elucidate
the role of biophysical inputs from within forming meniscus cells as well as the
surrounding joint during the formation and maturation of this unique dense connective
tissue.
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CHAPTER 6: THE EVOLUTION OF THE BIOPHYSICAL CELLULAR CUES DURING
KNEE JOINT MORPHOGENESIS AND ITS REGULATION BY MUSCLE
CONTRACTION FORCES
6.1 INTRODUCTION
As has been established thus far, achieving precise tissue morphology and
positioning within the knee is critical for the patellar tendon, cruciate ligaments, and
menisci to form and mechanically support joint function. Decades of previous research
demonstrate that morphogenesis (i.e. the establishment of proper tissue geometry and
position) is coordinated during embryonic joint formation, whereby joint cells are
specified and patterned within the hindlimb cartilage anlagen, and become distinct
structures following joint cavitation (McDermott, 1943; Haines, 1947; Clark and Ogden,
1983; Shwartz et al., 2016; Gamer, Xiang and Rosen, 2017). As reviewed in Chapter 5,
during annulus fibrosus formation, seminal work by Haines et al. pointed to cellular
alignment and adhesion as being the first steps of formation of the intricate angle-ply
lamellar structure seen in the intervertebral disc—underscoring that key elements of
fibrous tissue complexity were achieved at the time of tissue formation. Consistent with
this notion, our own data in Chapter 3 shows that fibrous matrix deposition and
alignment within the meniscus, as well as regional specialization of matrix composition is
also established by birth, highlighting that critical steps in meniscus organization and
matrix assembly happen during embryonic development. To date, there has been
significant progress in identifying shifts in molecular and gene expression signatures that
define cell subpopulations of the interzone—the region within the cartilage anlagen that
gives rise of joint tissues (Pacifici et al., 2006; Hyde et al., 2007; Hyde, Boot-Handford
and Wallis, 2008; Koyama et al., 2008, 2010; Pazin et al., 2012, 2014; Decker, Koyama
and Pacifici, 2014; Bian et al., 2020). These efforts to delineate cellular expression
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patterns are critical to our understanding of the cellular make-up of the forming joint and
subsequent tissue-specific biologic variation observed with later development and
maturation. However, the physiologic process that drive the dramatic re-arrangement in
cell positioning that must occur in order to transform the interzone from a continuous cell
mass to cell condensates of the correct geometry and position within the developing
knee joint is still unclear.
Interestingly, there is emergent evidence that extrinsic mechanical cues may in
fact contribute to this process. As touched upon in Chapter 4 and overviewed in detail in
Chapter 5, contraction of skeletal muscle is a key regulator of the joint morphogenesis
process (Nowlan et al., 2010). In particular, Splotch-delayed (Spd) and Muscular
Dysgenesis (mdg) mouse models, in which skeletal muscle fails to develop (Spd) or is
non-contractile (mdg), show a failure in joint cavitation, resulting in fusion of most
articulating joints (Kahn et al., 2009). However, aside from patellar fusion, early studies
using these model systems reported few overt changes in the knee joints. This
established the concept that muscle contraction may not significantly contribute to knee
development (Kahn et al., 2009; Eyal et al., 2015).
Paradoxically, embryonic chick studies employing neuromuscular blockers to
induce paralysis during hindlimb growth have shown meniscus dissociation and
alterations in molecular signaling (Mikic et al., 2000; Singh et al., 2018). To date,
however, no study using the available murine models has assessed how an absence of
muscle contraction impacts the fibrous tissues unique to the knee joint. Thus, to further
our understanding of the role of muscle forces on fibrous tissue formation in the knee,
this chapter first evaluates the spatiotemporal evolution of biophysical cues during
cellular and ECM patterning and growth of the embryonic meniscus. We next carefully
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re-assess the knee joints of mdg and Spd muscle mutant mice and demonstrate that
loss of muscle contraction during this developmental window significantly impacts these
processes. Importantly, we confirm previous findings regarding a lack of impact on
cavitation, aside from patellar fusion ((Eyal et al., 2015), Appendix B-5), while also
showing aberrant changes in the establishment of fibrous tissues of the developing knee
that have not previously been reported.
6.2 METHODS
For specifics about reagents, concentrations, etc., please see Appendix D.
6.2.1 Animals All animal housing, care, and experiments were performed in accordance
with the UPenn IACUC (protocol# 806669). For the initial characterization of cell
patterning, and cytoskeletal and collagen fiber organization, the Col1-YFP/Col2CFP/Col10-mCherry line was used, as described in Chapter 3.2.1 (Dyment et al., 2015),
to aid in identifying the joint interzone using the Col2-CFP reporter. For embryo
generation and staging, separately housed females had a male introduced into the cage
overnight followed by removal from the cage the next day (E0 was considered to be at
midnight).
The Muscle Dysgenesis (mdg) and Splotch-delayed (Spd) embryonic mouse
tissues used for this study were a kind gift from Dr. Niamh Nowlan. Embryonic hindlimbs
were harvested at Theiler Stage (TS) TS24 (corresponding to E15.5) and TS27
(corresponding to E17.5) from the mdg line, as well as TS27 samples from the Spd line.
Samples were placed either in 70% ethanol or were embedded (unfixed tissue) in
cryomolds (with OCT), and stored at -80°C. A full description of the mdg breeding
schema and embryo harvest is provided in Levillain et al. (Levillain et al., 2021). The
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breeding schema and embryo generation for the Spd model are described in detail in
Pierantoni et al. (Pierantoni et al., 2021). Briefly, in each case (mdg, Spd), litters were
genotyped to identify mutant embryos (homozygous for the respective mutation).
Littermate embryos carrying both wildtype alleles (no mutation) served as age-matched
controls. No heterozygous animals were included in the studies. To transfer the samples
from Dr. Nowlan’s facility, tissue samples were thawed from either the ethanol or OCT
molds, fixed in 4% PFA for 2 days at 4°C, transferred to PBS, and shipped on ice from
Dr. Nowlan’s laboratory to the University of Pennsylvania. Upon arrival, samples were
transferred to 30% sucrose, maintained at 4°C overnight, and subsequently embedded
in OCT. For all samples, knee joints at each timepoint were compared between
littermates of the specified mouse strain.
6.2.2 Tissue harvesting, sectioning, EdU labeling and staining, and histology All tissue
handling and preparation methods for assays described in this chapter can be found in
Chapter 3.2.2-3.2.5. At least three animals per shown timepoint were analyzed to
assess the normal progression of meniscus development. For the muscle mutant
analysis, two to four control and mutant samples were analyzed for the reported mouse
strains and ages.
6.2.3 Tissue immunofluorescence: For fluorescence staining, 7-10µm cryosections of
either formalin-fixed or unfixed tissues were used, depending on the antibody (see
Appendix D). After gluing sections to slides, tissues were re-hydrated in PBS (5 min.).
For formalin fixed tissues older than E15.5, antigen retrieval was performed by
incubating tissues in a 1:1 solution of ready-to-use Proteinase K and PBS for 1 min. All
tissues were blocked and permeabilized in 5% normal goat serum supplemented with
0.1% Triton-X for 1hr. at room temperature (RT). Primary antibodies were diluted in 1%
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bovine serum albumin (BSA) at a factor of 1:100-1:500 and incubated on sections
overnight at 4°C. Secondary antibodies were used at a dilution of 1:600 in 1% BSA for
1hr. at RT. For fibrillar actin visualization, Alexa-Fluor conjugated Phalloidin was added
to the secondary antibody solution at a 1:200-1:600 dilution. For postnatal ages P14P28, where the cell cytoplasmic volume is highly dispersed between the surrounding
matrix, actin was visualized by incubating tissues overnight at 4°C in a 1:100 dilution
AlexaFluor488-Phalloidin in PBS/0.1%Triton-X. All sections were counterstained with
Hoechst-33342 or TO-PRO3. Stained tissue sections were imaged on the Zeiss Axio
Scan.Z1 slide scanner, using a 20X objective. For high-resolution imaging of nuclei,
nuclear lamina, and actin organization, tissues were imaged using the Nikon A1R laser
scanning confocal system, using a 20X, 60X, or 100X objective, 0.04-0.15 µm/px x-y
resolution (1024x1024px image size) with 0.3-1µm z-step size. In experiments that
compared staining across developmental/post-natal ages, tissues from all ages were
stained and imaged at the same time, with imaging parameters held constant between
samples.
6.2.4 Second harmonic generation (SHG) imaging and quantification pipeline SHG
image acquisition is described in Chapter 3.2.8.
6.2.5 Image processing and quantification of nuclear morphology: All image processing
was done using Fiji software and plugins. Nuclei of formalin-fixed tissues were used for
shape and enrichment quantification to ensure preservation of nuclear morphology
during the sectioning and staining process. To visualize the nuclei, Hoechst-stained
sections were imaged using a confocal microscope through the depth of the tissue at
60X-100X, selecting a z-step size of no more than 0.5µm. Using the polygon selection
tool in Fiji, individual nuclei were outlined throughout their full depth in the z-stack. New
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z-stacks of individual nuclei were then created, and all pixels outside the selected
nuclear boundary were cleared. A maximum intensity projection of the stack was then
created, an intensity threshold was applied, and then the image was binarized. The
“Measure” analysis function, with the “fit ellipse” and “shape descriptors” measurement
options were selected, and analysis was run on the binarized z-projection, fitting an
ellipse to the binarized nucleus image, from which the aspect ratio (AR) was calculated.
6.2.7 In situ hybridization Protocol for ISH is described in Chapter 3.2.12. Specific
probes used in this study are listed in Appendix D.
6.2.8 Statistical analysis Comparisons of NAR measurements between different ages in
IZ/M and NC/C tissues as well as in muscle mutant tissues were made with one-way
ANOVA, using Bonferroni post-hoc to determine differences between individual groups
(p<0.05 cut off for statistical significance). For quantification of meniscus cell number in
muscle mutants, groups were compared using a two-tailed Student’s t-test (p<0.05 cutoff). Measurements provided without statistical comparison are intended to show
observed trends, but currently lack sufficient biological replicate numbers for full
statistical analysis (additional sample procurement is underway).
6.3 CELL CYTOSKELETAL PATTERNING IS A PROMINENT FEATURE OF
MENISCUS MORPHOGENESIS AND PRECEDES FIBROUS MATRIX ASSEMBLY
WITHIN THE NASCENT TISSUE.
We began by closely examining the cell organization in murine embryonic knee
joints at the time of interzone (IZ) specification (E13.5), joint cavitation (E15.5) and
embryonic knee joint tissue growth (E17.5) (Hyde, Boot-Handford and Wallis, 2008;
Shwartz et al., 2016; Gamer, Xiang and Rosen, 2017). Using the Col2-CFP reporter
mouse line (described in Chapter 3), the IZ region was demarcated from the surrounding
117

neocartilage by a reduction in Col2-CFP reporter fluorescence (Figure 6-1 a), consistent
with the well-established understanding that Col2 expression is significantly reduced in
the IZ cells following specification (Hyde, Boot-Handford and Wallis, 2008; Shwartz et
al., 2016). While it is clear that the molecular profiles of interzone cells start to diverge
from the flanking neocartilage by E13.5, we saw no discernable differences in cell
orientation or cytoarchitecture at this timepoint (Figure 6-1 b). Strikingly, by the time of
joint cavitation (E15.5), interzone cells established a highly fibrillar actin cytoarchitecture,
whereas cartilage cells of the femur and tibia took on a rounded shape with cortically
positioned actin fibers (Figure 6-1 b). In fact, the observed divergence in cytoskeletal
organization occurred quite rapidly, as actin morphology in both the IZ and the cartilage
at E14.5 was very similar to E13.5 knee joints (Appendix B-1). This suggests that the
dramatic cytoskeletal reorganization within the IZ likely happens in a span of no more
than 24 hours.

.
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Figure 6-1: Actin cytoarchitecture diverges within interzone and neocartilage cells by the
time of joint cavitation.
a) Sagittal cryosections of Col1-YFP/Col2-CFP reporter line murine joints at E13.5, E15.5.,
and E17.5. Schematic on the left outlines the visible knee joint elements. NC: Nascent
cartilage, IZ: Interzone, M: Meniscus. Scale: 100µm. b) Nascent cartilage and c)
interzone/meniscus tissues at the corresponding embryonic timepoints marked in a)
stained for fibrillar actin (green). Top right insets depict nuclear (grey) arrangement in the
same field of view. Scale b,c: 10µm.

Unlike the fairly isotropic IZ cell organization at E13.5 (as discerned by both the
actin and nuclear alignment), E15.5 IZ cells were condensed and patterned in the
geometry of the future intra-articular tissues. In the transverse view of the tibial plateau,
actin fibers of the IZ cell condensates were circumferentially aligned in the stereotypic
shape of the menisci (Figure 6-2 a). Interestingly, though cells and their internal actin
networks were fully patterned by E15.5, organized fibrillar collagen matrix, which is
established by P0 (see Chapter 3) and predominates postnatal meniscus composition,
could not be detected at the time of joint cavitation (Figure 6-2 a). This was not due to a
lack of collagen protein, as immunostaining for Collagen-I indicated an abundance of
signal within the E15.5 interzone (Figure 6-2 b). Rather, this points to a lack of
alignment and organization of the matrix molecules in the plane of imaging—which is
needed to generate SHG signal. By E17.5, SHG imaging captured semi-lunar collagen
fibrils oriented in the direction of the nuclear and cytoskeletal alignment within the
nascent meniscus tissue (Figure 6-2 a), and this nascent fibrillar collagen network
markedly increased in abundance between E17.5 and P0 (birth) (Figure 6-2 b). Sagittal
views of the more interior regions of joints demonstrated that similar patterns of matrix
formation also occur within the patellar tendon and cruciate ligaments—with cell and
actin cytoskeletal linear alignment occurring earlier than the emergence of fibrillar
collagen matrix (Appendix B-2). Together, these results indicate that development and
genesis of the nascent ECM matrix occurs similarly for the menisci and other fibrous
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structures within the knee, wherein proper matrix organization and geometry is initiated
by patterning of the local cell population.

Figure 6-2: IZ cell patterning precedes fibrillar matrix assembly in the forming meniscus.
a) Transverse sections stained for fibrillar actin (green) or imaged by SHG (grey) of fetal
menisci at E15.5 and E17.5 and at birth (P0). Serial sections from the same sample were
used for each imaging modality. Scale: 100µm. b) Coronal sections of an E15.5 medial
meniscus; left: section stained with nuclear dye (magenta) and imaged by SHG (no
detected signal), right: section stained for Collagen I (green) and nuclear dye (magenta)
showing presence of ample amounts of Col-I protein. 50µm.

While the actin cytoskeleton within the E15.5 IZ cell condensates appeared
completely fibrillar and continuous, we observed restructuring of this network following
joint cavitation (Figure 6-1 b, Figure 6-3 a). Specifically, actin elements oriented
orthogonal to the circumferential direction of alignment began to emerge by E17.5 and
became prominent features of certain meniscus cells by P0 and at later timepoints
(Figure 6-3 a). Interestingly, changes to the extracellular fibrous microenvironment
seemed to mirror the restructuring that occurred at the cytoskeletal level. By P0,
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transverse collagen fibers were also observed between individual cells in the linear
cellular array. As discussed in Chapter 3, these elements became more prominent and
abundant during postnatal meniscus growth and seemed to be part of an emergent
‘lacunar’ meniscus cell ECM microenvironment. These results highlight a similarity in the
organization of the IZ cell cytoskeleton at E15.5 and subsequent nascent fibrillar matrix
at E17.5 within the forming meniscus and ligamentous tissues; suggesting a concurrent
timeline for the remodeling of the intracellular cytoskeleton and extracellular matrix
fibers. In all, these data suggest that cytoskeletal organization may provide important
biophysical cues during IZ cell patterning—acting as the predominant structural
component within the forming embryonic tissues and serving as a transient scaffold used
to guide the proper alignment and organization during nascent ECM matrix assembly.

Figure 6-3: The actin and collagen meniscus network restructures following joint
cavitation.
a) Confocal images of nuclei (left) and actin (right) in the transverse plane in menisci at
E15.5, E17.5, and P0, showing changes in fibrillar actin organization and nuclear
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morphology with age. Red arrowheads point to the presence of actin elements positioned
orthogonal to the predominant cellular and cytoskeletal alignment. Scale:10µm. b) SHG
imaging of transverse sections of E17.5, P0, and P7 meniscus sections demonstrating the
circumferential fiber alignment. SHG/cell membrane stain overlay shown on the right. Red
arrowheads indicate presence of collagen fibers positioned orthogonal to the
circumferential plane. Note: Laser power for SHG imaging of the P7 sample was lowered
for visualization purposes, due to signal saturation given the abundance of fibrillar matrix
at this stage. E17.5 and P0 samples were imaged at the same settings to allow for signal
intensity comparison between these two sample stages.

6.4 ACTIN REORGANIZATION DURING MENISCUS DEVELOPMENT AND
POSTNATAL GROWTH COINCIDES WITH CHANGES IN NUCLEAR LAMINA
COMPOSITION AND MORPHOLOGY.
Aside from the defined molecular signals, a well-appreciated feature of all
articulating joint interzones is the apparent flattening of the IZ cells (Lamb et al., 2003;
Hyde et al., 2007; Decker, Koyama and Pacifici, 2014; Jenner et al., 2014). Consistent
with this notion, we observed nuclear aspect ratio (NAR) of IZ cells significantly
increased at E15.5. Notably, this nuclear elongation was not observed in adjacent
neocartilage cells (Figure 6-4 a). The differences in nuclear shape between IZ and NC
cell nuclei coincided with the divergence in cytoskeletal organization within these two cell
populations—occurring within the E14.5-E15.5 timeframe. While cartilage cell nuclei
maintained a rounded morphology throughout the course of embryonic development and
postnatal growth, IZ cell nuclear elongation peaked at E15.5 and then gradually
decreased during later stages of embryonic and postnatal growth. This trend seemed to
indicate a “relaxation” of the nuclear shape, such that by P21, many meniscus cells had
similar nuclear shape to what was observed in cartilage cells at postnatal stages (Figure
6-4 a).
The marked shape changes of IZ cell nuclei between E13.5 and E15.5
suggested that they may be under increased physical strain, possibly due to tensioning
of the surrounding cytoskeleton (Dahl, Ribeiro and Lammerding, 2008; Driscoll et al.,
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2015; Cosgrove et al., 2021). Interestingly, previous work showed that cells mechanoadapt in response to changing biophysical cues via nuclear stiffening and reenforcement and remodeling of the nuclear lamina. This is possibly a mechanism to
protect the nuclear content in mechanically loaded tissues (Heo et al., 2018).
Specifically, increased concentration and localization of Lamin A/C to the nuclear
envelope occurs with dynamic loading of progenitor cells, and the ratio of Lamin A/C to
Lamin B1 correlates with the stiffness of the extracellular environment (Swift et al.,
2013). Our data thus far has shown that the IZ microenvironment undergoes rapid
biophysical changes in a short time-window prior to joint cavitation, as well as during
embryonic growth. We thus wondered whether IZ cells showed evidence of mechanoadaptation through nuclear reinforcement. Strikingly, staining for Lamin A/C revealed
that while the protein was barely present in any of the knee joints tissues, between
E14.5 and E15.5, it became highly enriched in the nuclear lamina of cells of forming
fibrous tissues—including the menisci, knee ligaments, and the superficial articular
cartilage surface—as compared to the deeper zone cartilage by E15.5 (Fig. 6-4 b).
Furthermore, increased levels of Lamin A/C at the nuclear periphery of fibrous tissues
persisted following cavitation and were maintained during postnatal growth. Consistent
with these results, higher expression of Lmna transcript in fibrous knee joint tissues in
late embryonic and postnatal timepoints was also detected by in situ hybridization
(Appendix B-3). Interestingly, cartilage cells that maintained lower Lamin A/C levels
were located in tissue regions that underwent hypertrophy and subsequent
endochondral ossification by P22 (Figure 6-4 b). In contrast, Lamin B1 was present at
the nuclear periphery of all knee joint tissues at all timepoints, consistent with the notion
that this protein is a necessary component of the nuclear envelope in all somatic cells
(Worman and Courvalin, 2000) (Figure 6-4 b). In all, our analysis demonstrates possible
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mechano-adaptation of IZ cell nuclei leading to marked elongation at the time of joint
cavitation; characterized by a dramatic increase in the ratio of Lamin A/C to Lamin B1
levels within the nuclear lamina due to enrichment of Lamin A/C. With further meniscus
development and growth, nuclear morphology of the resident cells relaxed to a more
rounded state, but Lamin A/C enrichment was maintained.

Figure 6-4: Changes in IZ/meniscus nuclear structure during knee joint development and
growth.
a) Representative nuclear morphology of cells within the interzone (IZ) and nascent
cartilage (NC) at E13.5, E15.5 and meniscus (M) and cartilage (C) at P7. SB: 5µm. b)
Nuclear aspect ratio (NAR) quantifying nuclear elongation of nuclei of interzone/meniscus
(IZ/M) cells and nascent cartilage/cartilage (NC/C) cells at indicated timepoints. ***:
p<0.001. ns: not significant. c) Immunostaining for Lamin A/C (left) and Lamin B1 (right)
in coronal knee joint sections at indicated timepoints. For Lamin A/C staining, signal
intensity is shown as a color-coded gradient, wherein yellow-white indicates high
intensity values (high immunofluorescent staining) and purple/black signifies low pixel
values (low staining), to demonstrate enrichment of staining in the fibrous tissues. White
dotted lines demarcate IZ and meniscus boundaries at indicated timepoints.
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6.5 KNEE JOINTS IN MUSCLE MUTANTS SHOW A MARKED REDUCTION IN BOTH
THE MEDIAL AND LATERAL KNEE MENISCI DURING DEVELOPMENT.
Embryonic day 15.5 (E15.5) has been well-appreciated as a key timepoint in
murine knee joint development as it is the point at which the joint undergoes cavitation.
Our data also demonstrates that this stage marks when IZ cells develop the
characteristic pattern and are condensed into the correct geometries of the menisci,
cruciate ligaments, and the patellar tendon—a process that involves dramatic reorganization of the cytoskeleton. It is unclear, however, what factors instruct IZ cells to
achieve proper orientation and undergo restructuring in a mere 24-hour window prior to
cavitation. As discussed in Chapter 5, forces from embryonic muscle contraction are
thought to contribute to maintaining meniscus precursor cell condensation in ovo. As
such, we wondered whether these extrinsic cues could direct the cytoskeletal and
nuclear rearrangement that we observed in the developing muring meniscus. We began
by observing both the medial and lateral menisci in the mdg mouse line, which develops
with non-contractile skeletal muscle at the TS24 (E15.5) timepoint, when the murine
knee joint typically cavitates. Sections from these animals showed that the knee joint
was indeed cavitated in both control and mdg mutant samples, confirming previous
reports that, unlike most articulating joints, lack of muscle contraction does not cause
fusion of the knee (Appendix B-4). However, and most strikingly, while wild-type (WT)
control embryos contained wedge-shaped cellular condensates in areas corresponding
to the medial and lateral menisci (as expected), there was an appreciable decrease in
the size of these condensates in mdg samples (Figure 6-5 b, yellow outlines). This was
characterized by the reduction in cell number within the presumptive location of the two
tissues (Figure 6-5 b). With developmental progression, WT menisci continued to
organize and compact, with distinct cell-rich structures clearly visible at TS27.
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Conversely, mdg mutant littermates at this same time point exhibited signs of
dissociation, with marked reduction in cell number within the meniscal region of the joint
space, and oftentimes a lack of a clear tissue boundary (Figure 6-5 c).

Figure 6-5: Medial and lateral meniscal condensation is reduced in the absence of muscle
contraction.
a) The muscular dysgenesis mouse (mdg) model has a mutation in an ion channel that
causes a failure of the excitation-contraction coupling and leads to the development of
non-contractile skeletal muscle and can be used to study the impact of muscle
contraction forces on knee joint development. The schematic shows the coronal (front)
view used to analyze both the medial and lateral menisci in b and c. b, c) Representative
nuclear (DAPI) stained coronal sections visualizing cell condensation in the meniscus
body region of the developing knee joint at b) TS24 (knee joint cavitation timepoint
corresponding to ~E15.5) and c) TS27 (~E17.5). Yellow dotted lines outline wedge-shaped
cellular masses indicating meniscus formation in WT control and mdg mutant littermate
joints. SB: 50µm. Hybrid bar/dot plots on the right show average cell number in
condensates for both the medial and lateral WT and mdg menisci at TS24 and TS27. Bars
show mean cell number, with individual dots representing biological replicates (n=2-3
animals per group). Cell number for each animal represents an average of 3 quantified
sections.

Interestingly, condensation deficits in the absence of muscle contraction varied
depending on the anterior-to-posterior location within the meniscus tissue. In the anterior
horn region, cells were completely dissociated by TS27, and no fibrous insertion into the
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tibial plateau was detected (Figure 6-6, Appendix B-5). Conversely, the posterior horns
were visibly diminished, yet were fully formed and attached to the tibial plateau through
fibrous insertions. Finally, we noted that there was a loss of curvature of both the femoral
and tibial surfaces in muscle mutant knees within the central region of the joint (Figure
6-6 b). In all, differences in meniscus formation within the mdg knee joints was
discernable at the time of joint cavitation (TS24) and became particularly marked with
further development (TS27). Indeed, all observed phenotypes (location-dependent
differences in meniscus condensation deficits, femoral/tibial flattening) were also present
in TS27 joints of Spd mouse mutants, a strain in which skeletal muscle completely fails
to form (Figure 6-6 b).

Figure 6-6: Anterior-to-posterior variation in meniscus morphogenesis deficits in the
absence of muscle contraction.
a) Representative coronal sections of the anterial medial meniscus horn (left) and the
posterior horn (right) in WT and mdg TS27 (E17.5) knee joints labeled with a nuclear stain
(magenta). Yellow outlines demarcate the wedge. Note the absence of a distinct wedge
shaped condensate in the anterior horn region (empty arrowhead) compared to the
condensed posterior horn wedge (white arrowhead) in the mdg mutant. Scale: 50µm. b)
Representative sagittal sections of WT (top) and either mdg or Spd mutants (bottom) at
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wither TS24 (E15.5) of TS27 (E17.5), as marked. Sectioned stained with phalloidin (actin)
a nuclear counterstain (magenta). Yellow arrows in mutant tissues point to flattening of
the femoral condyle and tibial surface. Yellow outlines in the top row outline clear
anterior and posterior horn wedges in the TS27 WT knee joints of the mdg and Spd
mouse strain. Note the reduced posterior horn (yellow outline) and an absence of the
anterior horn wedge (blank arrowhead) in both the TS27 mdg and Spd mutants. Scale:
100µm.

6.6 KNEE JOINTS OF MUSCLE MUTANTS EXHIBIT PATELLAR TENDON AND
CRUCIATE LIGAMENT ABNORMALITIES AS WELL AS THE PRESENCE OF AN
ECTOPIC FIBROUS TISSUE.
As we show in an earlier part of this chapter, fibrous tissues of the knee joint
develop in concert—all having similar timing for cell patterning that is characterized by
actin cytoskeletal fibrillation which precedes fibrillar collagen matrix formation. Given the
marked changes in meniscus condensation in muscle mutants, we also evaluated
changes in the cruciate ligaments and the patellar tendon (PT) of these animals. Unlike
the menisci, cellular and cytoskeletal patterning of the ligamentous tissues occurred
without active muscle contraction, with linear arrays of cells with fibrillar actin
organization seen at the site of the patellar tendon (PT), anterior cruciate ligament
(ACL), and posterior cruciate ligament (PCL) in both WT and mdg joints at TS24 (Figure
6-7 a,b). Surprisingly, TS24 mdg joints also contained an aberrant tissue structure,
attached to the femur and tibia between the PT and the anterior insertions of the ACL
and PCL (Figure 6-7 a, yellow arrowhead). This tissue appeared to be an ectopically
forming ligament, as it exhibited very similar cellular patterning characteristics of the
endogenous fibrous structures (Figure 6-7 b). This was never seen in wild type mice.
Additionally, although ligamentous tissues of TS24 mdg joints seemed to have proper
positioning (PT and cruciates) and alignment (PT, cruciates, ectopic ligament), resident
cells of these tissues had strikingly hyper-elongated, abnormally shaped nuclei—
depicted by a markedly increased nuclear aspect ratios (NAR) (Figure 6-7 c, d).
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Figure 6-7: Emergent patterning abnormalities in ligamentous tissues of TS24 mdg knee
joints.

a) Representative sagittal views of TS24 (E15.5) WT and mdg knee joints in the region of
the cruciate ligaments and the patellar tendon, as demarcated on schematic. PT: patellar
tendon, ACL/PCL: anterior cruciate ligament/posterior cruciate ligament. Sections
stained using phalloidin (actin) and a nuclear counterstain (magenta). Yellow arrowhead
points to ectopic ligament condensation (Ect. Lig.) in the anterior part of the joint with
femoral and tibial attachments. Scale: 100µm. b) High magnification views of regions
demarcated by red and yellow boxes in a). Scale: 20µm. c) Representative confocal
maximum projection images of nuclei of resident cells of the patellar tendon, ACL, and
ectopic ligament. Scale: 5µm. d) Nuclear aspect ratio (NAR), calculated as the ratio of
long to short axis of individual segmented nuclei as a metric of nuclear elongation in WT
and mdg cells of PT, ACL, and ectopic ligaments (in mdg mutant knees). n>50 cells per
group, across at least 2 biological replicates. ***: p<0.0001 by one-way ANOVA with
Bonferroni post-hoc.

In contrast to the menisci, the PT, cruciates, and the ectopic ligament were all
still present at TS27, despite observed abnormalities during tissue patterning (Figure 68 a). Interestingly, the difference in nuclear elongation between cells of WT and mdg
tissues was not as marked at this later developmental time point, as highlighted by NAR
measurements of TS27 PT and ectopic ligament cell nuclei (Figure 6-8 b, Appendix B6 a). This was likely due to a slight (but not statistically significant) increase in the
average elongation of nuclei in WT PT tissues between TS24 and TS27, rather than a
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relaxation of the nuclear shape within mutant tissues (Appendix B-6 b). To fully assess
the nuclear shape dynamics, nuclei of TS27 ACL tissues must also be assessed, to
determine if the trend seen in the PT cells holds. Though the PT and cruciates appeared
reduced in size, all mutant tissues contained aligned fibrillar collagen and organized
attachments to the adjoining cartilage, suggesting that lack of muscle contraction did not
significantly interfere with cellular ability to organize the collagen matrix into aligned
fibers (Figure 6-8 c, Appendix B-7 a). Importantly, as with the meniscal phenotypes, all
changes noted in the ligamentous tissue of mdg mutants, including the formation of the
ectopic ligament, were also observed in Spd mutant mice at TS27 (Appendix B-7 b,c).
The fact that knee joint fibrous tissue changes are consistent between two independent
mouse lines that lack skeletal muscle contraction forces suggests that these exogenous
forces play a directive role in the development of the knee joint tissues.
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Figure 6-8: Nuclear and matrix structure of ligamentous tissues in TS27 mdg knees.
a) Representative sagittal views of TS27 (E17.5) WT and mdg knee joints in the region of
the ACL and the patellar tendon (PT). Sections stained using phalloidin (actin) and a
nuclear counterstain (magenta). Yellow arrowhead points to ectopic ligament (Ect. Lig.).
Red and yellow boxes denote regions images in c). Scale: 100µm b) Nuclear aspect ratio
of resident cells in WT and mdg tissues, as in Fig. 6-7. n>20 nuclei per group across at
least 2 biological replicates.
ns: not significant by one-way ANOVA. c) High
magnification confocal maximum projections of actin and nuclear stains (top) or SHG
imaging (bottom) for WT and mdg tissues of the PT, ACL, and ectopic ligament (mutant
only). Scale: 20µm for top images, 10µm bottom (SHG) images.

6.7 DISCUSSION
Taken together, the work described in this chapter confirms existing knowledge
and provides new insight into previously unreported biophysical aspects of the
embryonic meniscus microenvironment that may mechano-regulate tissue development.
We show that, in the process of tissue patterning (E13.5-E15.5), IZ cells take on a
fibrillar actin cytoarchitecture and an elongated nuclear morphology that was paralleled
by a drastic increase in Lamin A/C abundance within the nuclear lamina, likely
increasing nuclear stiffening (Figure 6-1-3, (Lammerding et al., 2006; Heo et al., 2018)).
These alterations in the physical cellular state were specific to the interzone cells and
preceded the assembly of surrounding matrix molecules into aligned fiber bundles within
the menisci, PT, and cruciates (Figure 6-2, Appendix B-2). A recently released study
noted a similar phenomenon in midline skull suture development (Alves-Afonso et al.,
2021). Namely, suture cells also exhibited marked nuclear elongation that was
coincident with nascent fibrillar matrix production and Lamin A/C enrichment.
Interestingly, the group has also gone on to show that fibril crosslinking of nascent
collagen fibrils, and matrix stiffening, played a role in the Lamin A/C enrichment,
consistent with the notion that Lamin A/C integration into the nuclear lamina is a
mechano-adaptive response (Alves-Afonso et al., 2021). Whether such a mechanism
hold true for the meniscus, however, is unclear and would be an interesting area of
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future investigation. Thus our data is consistent with what has been described for the
embryonic tendon, annulus fibrosus, and midline suture—further strengthening the
notion that patterned cells act as a physical template to guide the alignment of deposited
ECM molecules and ensure proper organization of the nascent synthesized matrix
(Hayes, Benjamin and Ralphs, 1999; Ralphs, Waggett and Benjamin, 2002; AlvesAfonso et al., 2021). As this appears to be a recurring theme during fibrous tissue
development, suggesting that this may be a more widespread mechanism employed by
tissues to quickly assemble highly ordered fibrous matrix.
Additionally, the fibrillar actin cytoarchitecture of the E15.5 IZ cells was very
reminiscent of actin stress fibers that develop and support increased cell contractility in
vitro (Tojkander, Gateva and Lappalainen, 2012; Tondon and Kaunas, 2014). The fact
that nuclear lengthening in the E15.5 IZ was concurrent with actin fibrillation further
supports the possibility that IZ cells coordinately contract and tension the forming tissue.
Indeed, this is akin to the mechanism proposed by Hayes et al., for annulus fibrosus
patterning—wherein the authors saw a concordant localization of tropomyosin and
integrin subunits at the actin fibers of patterned embryonic AF cells (Hayes, Benjamin
and Ralphs, 1999). This tension may, in turn, be translated to the nucleus via actin fibers
connected to the LINC complex (Dahl, Ribeiro and Lammerding, 2008). Lamin A/C
enrichment at E15.5 is also consistent with IZ cell nuclei being under increased
mechanical stress, as translocation of this isoform to the nuclear periphery has been
known to occur in a mechanosensitive manner (Heo et al., 2018). Interestingly, we saw a
relaxation of the nuclear cell shape and a decrease in fibrillar actin alignment with
embryonic and post-natal meniscus growth, as the extracellular space became
increasingly filled with dense fibrous matrix (Figure 6-3). This could potentially point to
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the gradual replacement of the actin cytoskeleton by extracellular matrix as the major
structural element within the growing tissue. As tissue shape becomes maintained by the
ECM, cells may gradually reduce their contractile state, as cell contractility is no longer
needed to maintain cellular condensation, organization, and tissue integrity. These
observations could imply that cell-generated forces are instrumental at the embryonic
stages of tissue formation and matrix alignment, and not as crucial in later stages of
tissue growth and homeostasis, where extracellular mechanical cues from joint loading
and ECM microenvironment may predominate. This hypothesis will be further explored
and tested in Chapter 7.
The current work does provide strong evidence that extrinsic mechanical forces
contribute to fibrous tissue morphogenesis by characterizing a varied, but overall
profound, impact of muscle contraction on developing fibrous knee joint tissues. By the
joint cavitation stage (TS24/E15.5) in mdg mutants, cellular condensations were absent
in the anterior regions of the medial and lateral menisci and diminished in the rest of the
meniscus regions (Figures 6-5, 6-6, Appendix B-5). It is unclear whether this is a result
of a failure of these regions to undergo cellular condensation and patterning in the first
place, or if this is indicative of progressive failure to maintain the condensed state in the
absence of external mechanical stimuli provided by muscle contraction. The increasingly
acute reduction of meniscal condensates by TS27 supports the later possibility (Figures
6-5, 6-6, Appendix B-5), as do the results of the seminal in ovo hindlimb paralysis chick
study, wherein blockade of muscle contraction during interzone formation did not
interfere with the initial stages of meniscus cell condensation (Figure 6-9,(Mikic et al.,
2000)). To further our investigation of this process, we obtained TS22 (E13.5) mdg and
Spd samples to assess a pre-cavitation time point to determine if differences in interzone
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organization can be discerned at the time of specification; this work is ongoing.
Moreover, our findings build upon what was known from the embryonic chick paralysis
work by showing that progressive loss of meniscus structures is coincident with
flattening of the femoral and tibial surfaces. These shape changes are strikingly similar
to the Fairbanks changes within the knee following meniscectomy that is seen in juvenile
and adult human joints (Fairbank, 1948; McDermott and Amis, 2006). These parallels
highlight the reciprocity between tissues in establishing proper shape, indicating that in
both embryonic as well as mature tissues, the curvature of the articulating surfaces is
directed by the presence of the meniscal wedge (and most likely, vice versa).
Perhaps the most interesting aspect of the impact of muscle contraction on
meniscus development in the muscle mutants is that it appears to be asymmetric—with
differential effects seen based on anterior-to-posterior location. This result is intriguing,
as it highlights that location-specific biophysical and/or molecular cues may be guiding
meniscus formation. Indeed, if condensation is driven by cell-mediated compaction and
tension, the lack of the anterior horn and tibial attachment by TS24 would suggest a loss
of a boundary constraint able provide resistance to the contracting cell mass. Thus,
perhaps it is the inability for meniscus precursors to properly tension that ultimately
drives them to lose adhesion and dissociate. This hypothesis is consistent with the fact
that the meniscus regions that are more preserved lie in between the posterior horn tibial
insertion, and the region of the meniscus body that seems to be connected to the
adjacent MCL ligament. Perhaps the attachment to the MCL provides an intermediate
boundary, allowing for that portion of the cell population to achieve a level of
homeostatic tension necessary for maintenance of condensation.
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Alternatively, perhaps passive embryonic motion, or a higher degree of
impingement due to knee flexion in utero provide sufficient physical cues that mitigate
the impact of the loss of muscle generated forces in the posterior aspect of the joint.
While we stained meniscus sections for actin (Figure 6-6 b), the significantly reduced
size of the tissue at both timepoints made capturing consistent sections in the plane in
which fibrillar actin organization can be assessed (transverse, sagittal) difficult. Thus, it is
hard to say whether meniscus cells don’t engage their adhesion and contractility
machinery, or if cell organization and tensioning is beginning to wane by the time the
knee joints were harvested for assessment.
Finally, yet another explanation for the observed asymmetry is that interzone cell
specialization and differentiation to a nascent meniscal cell phenotype may progress in
an anterior-to-posterior manner, and the phenotypic “state” of the cell may in turn direct
its response to the presence (or lack thereof) of extrinsic mechanical cues. This
hypothesis is yet again motivated by the described Lamin A/C nuclear envelope
enrichment in IZ cells between E14.5 and E15.5 (~TS24) (Figure 6-4 c). While we have
previously provided supporting evidence for how this increase could indicate mechanoadaptation of IZ cells to an increasingly stringent physical environment, Lamin A/C
abundance in the nuclear lamina is also associated with stem cell differentiation (Heo et
al., 2018). Thus, the observed phenomena could simply be indicative of interzone cell
differentiation and commitment towards the various fibrous tissue lineages (meniscus,
cruciates, PT). Yet, the kinetics of this enrichment, its relation to cellular differentiation
state, and its sensitivity to muscle contraction forces in this narrow time window is
unknown, difficult to establish, and beyond the scope of the present study (see section
6.8 for a discussion of this study’s limitations). However, if there are temporal variations
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in the differentiation of meniscus-fated interzone cells, perhaps they occur in a posteriorto-anterior manner, such that more “mature” posteriorly located cells are able to initiate
and maintain a condensed state even without muscle contraction. Our preliminary
attempts to probe for Lamin A/C in mdg and Spd mutant tissues did suggest that, even
at TS27, the meniscus cells that remained (body and posterior horn regions) had
enrichment in the nuclear lamina (data not shown). However, inconsistencies in staining
due to variance in tissue preservation (Section 6.8) underscore the need to assess more
samples before drawing any conclusions.
We were also surprised to find that the initial cellular assembly of the PT and
cruciate ligaments was not as significantly impacted as the menisci. Even in the absence
of muscle contraction forces, cells within the PT and cruciates assembled into linear
arrays and aligned their actin cytoarchitecture by the time of cavitation (Figure 6-7) and
were able to generate a fibrillar collagen network by TS27 (Figure 6-8, Appendix B-7).
As the progression of embryonic cell patterning and nascent matrix organization
happens very similarly in the ligamentous tissues as it does in the menisci, the observed
tissue-specific differences in morphogenesis in the mutants are perplexing, and further
highlight that the degree to which this extrinsic stimulus is sensed or responded to by
knee joint cells may be location dependent. In fact, instead of tissue dissociation, we
observed a formation of an ectopic ligament that patterned and grew much like the
endogenous knee ligaments (Figure 6-7, 6-8). Though it is unclear what cell sources
contributed to this tissue’s formation, we repeatedly observed formation of this tissue in
both mdg and Spd mutants. This finding suggests that cues downstream of a loss of
muscle contraction may enable alternative cell condensations to form and promote their
persistence. As overviewed in Chapter 5, it has been hypothesized that it’s growth
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generated strains from surrounding structures during patterning of fibrous tissues like the
annulus fibrosus and perichondium that direct the direction of initial alignment of
precursor cells (Rooney and Archer, 1992; Hayes, Benjamin and Ralphs, 1999). Indeed,
in certain contexts, cells have been shown to align in the direction of strain fields
(Krishnan et al., 2008; Aigouy et al., 2010). Thus, perhaps the lack of muscle contraction
alters the strain patterns that exist within the growing knee joint, thus guiding nascent
condensates to pattern in improper positions. This may be exacerbated by the loss of
the meniscus, given its role as a secondary stabilizer in the (albeit mature) knee joint
(Shybut et al., 2015). As it’s clear that muscle contraction seems to alter many
developmental processes that occur in parallel during joint development, careful
mechanistic studies (that are beyond the current work) must be done to investigate the
cause for this ectopic tissue formation.
While ligaments were able to pattern and grow, this process did not proceed
completely without aberration. The significantly elevated nuclear aspect ratio of cell
nuclei within TS24 mdg PT and ACL tissues (Figure 6-7 d, Figure 6-8 b) points to a
heightened deformation of the nuclei, which could possibly arise due to increased
resident cell contractility (deformation through cytoskeletal tension and nuclear
engagement) or a heightened level of tissue pre-stress (extrinsic tensioning of the
aligned cell mass). In fact, fibrillar actin bundles were observed in patterned TS24
ligament cells, giving some indication that cells could be coordinately contracting,
thereby stretching their nuclei. However, in situ probing for markers of cell contractility
was challenging (e.g., finding antibodies that work well on tissue sections and validating
their staining), and we were thus not able to find other markers that would confirm that
cells were indeed in a hyper-contractile state. Given the extremely abnormal shape of
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the nuclei and the implication for heightened nuclear strain, we wondered whether there
were signs of damage in the resident DNA. However, mdg tissue staining for gH2A.X
(Abcam, ab81299), a marker for double stranded DNA breaks, was inconclusive at both
TS24 and TS27; either due to lack of antibody specificity, poor condition of the tissue
sections, or its absence within the tissue. Similarly, preliminary TUNEL staining to probe
for cell death showed no positive signal in tissues of either WT or muscle mutant knee
joints at either timepoint. These results, however, need to be confirmed through
assessment of other apoptotic markers (Caspase 3, Annexin V, p53).
Though it may seem strange that a lack of external mechanical cues may
actually drive an increase tissue tensioning, this may be due to a lack of resistance to
coordinate cell contraction that is usually provided by muscle forces. Thus, perhaps a
requirement of proper patterning of knee joint ligaments is reaching a necessary tension
set point, which is normally achieved through a balance of cell generated forces and
external forces from muscle contraction. Indeed, individual cells are able to sense both
increases and decreases in externally applied tension and activate their contractile
machinery to correct the overall tension back to homeostatic levels (Weißenbruch et al.,
2021), and in cell constructs, changes in external tension are sensed and coordinately
contracted against by the collective cell population (Holmes et al., 2018). Thus, loss of
muscle contraction could cause a decrease in nascent tissue tension that the patterned
cells attempt to correct by collectively contracting—leading to the observed hyperelongated state. Furthermore, in vitro models of cell-rich linear constructs grown in the
presence of boundary constrains demonstrate that an imbalance in stiffness of the
extracellular matrix with the active contractility of resident cells can result in ‘necking’ of
the cell-matrix material, leading to tissue failure through narrowing and elongation (Wang
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et al., 2013). Thus, in a scenario where muscle forces are absent, cells may be able to
sense the improper tensioning and attempt to compensate through increased cell
contractility—subsequently becoming hypercontractile and leading to cell shearing and
microdamage of the nascent matrix due to its lack of adequate stiffness to resist such
cell generated tension (Figure 6-9). While we did not observe fully failed tissues in the
joints, ligaments in both mdg and Spd mutants appeared greatly reduced in size by the
later stage of development (Figure 6-8, Appendix B-7), and even though fibrillar
collagen was present in the tissue, the matrix was not as dense and abundant (as
observed by SHG) as it was in littermate controls. This decrease could be evidence of
tissue shredding (Figure 6-9). We attempted to confirm this by probing for collagen
catabolism or damage, staining the tissue with collagen hybridizing peptides designed to
specifically bind unfolded collagen chains (F-CHP, 3Helix, FLU300). However, much like
the other tissue staining attempts, results were inconclusive. It should also be noted that
while we could qualitatively infer a decrease in overall width of the PT and cruciates, it
was difficult to quantify these size changes from 2D sections, even when extreme care is
taken to achieve a repeatable sectioning plane through the joint. To overcome this, we
plan to conduct volumetric measurements of knee joint tissues through contrast
enhanced micro-CT.
In all, this study resolves a long-standing question in the field of joint
development—demonstrating that while muscle forces are not required for cavitation of
the knee, these cues are instrumental in the proper formation of the intra-articular fibrous
structures that distinguish this joint from the others. While the scope of this study was
narrow, due to limitations discussed in the next section, these findings raise many
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exciting questions about the role of external mechanical stimuli on tissue
morphogenesis, which will be compiled and outlined in Chapter 8.
6.8 STUDY LIMITATIONS
6.8.1 Tissue staining and preservation: Many of the hypotheses that are based on the
results of this study could be tested through immunofluorescence/immunohistochemical
tissue staining. However, while IF has commonly been used to examine proteins
involved in cellular actomyosin contractility, adhesion, and mechano-sensation,
achieving robust and specific tissue staining was often not possible (see Appendix D for
notes on antibody trials). Though many tissue fixation and preservation methods were
attempted, many of the stains appeared as diffuse intracellular signal. Additionally, many
of the proteins of interest often lacked well-described positive tissue controls, adding to
the challenge of determining if the immunofluorescent stain worked.
Aside from the tissue staining limitations, this work was also limited by the quality
of the analyzed muscle mutant tissue samples. Given that this work was not planned a
priori, but rather occurred on ‘extra’ specimens from unrelated studies, tissues were
stored in varying conditions (OCT, ethanol) for varying amounts of time (>1 year). This
has at times lowered the quality of staining that can be achieved in these tissues, as
witnessed by poor fibrillar actin labeling (in some WT and mutant samples alike) using
Phalloidin—a protocol that is usually reliable in our hands. Because the phenotypes
described in this study were seen in all analyzed samples, for representative images, the
better-preserved tissues were used, and the observed results were assumed to hold true
in assessed tissues that were in worse condition. Problems with tissue preservation also
prevented us from assessing any matrix properties (using nano-indentation), as unfixed
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tissues are required for that type of analysis. Finally, samples could not be used for
RNA extraction and gene expression analysis, limiting our ability to access
transcriptional changes in the mutant knee joint tissues that may help us understand the
changes occurring in the absence of contraction. Current studies are underway with our
collaborators to generate fresher samples to further interrogate these findings.
6.8.2 Analyzed developmental timepoints in muscle mutants: As discussed in Section
6.7, our results raise interesting questions about when the forces of muscle contraction
first are felt during knee joint development. The later stages of development (cavitation
onward) assessed in this study in mdg mice clearly show differences between the
mutant and control samples, indicating that the changes initiated earlier in development.
While we have also acquired and plan to analyze TS22 mdg hindlimbs, it is clear that
even though interzone specification and establishment happens at E13.5, the process of
positioning and patterning of interzone cells into the nascent fibrous tissues happens
incredibly quickly (Appendix B-1). Thus, to truly pinpoint when muscle contraction first
begins to impact murine knee joint development, short embryonic time-intervals prior to
knee joint cavitation need to be assessed at both the histologic and the cellular gene
expression level. As noted above, we are actively pursuing new resources to provide
these additional samples. We have confirmed, however, that at the late stage of knee
joint development (TS27), the Spd mutant line phenocopies our mdg findings,
suggesting that knee joint development is altered by the lack of muscle contraction in
similar ways in both lines. We plan to further validate this by analyzing TS22 and TS25
timepoints in the Spd line. Importantly, this mouse line is available through Jackson
Laboratory. This provides an exciting opportunity to begin answering the many
interesting questions that are left unanswered by the current set of studies.
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CHAPTER 7: THE ROLE OF NON-MUSCLE MYOSINS IN THE ESTABLISHMENT OF
THE MENISCUS BY INTERZONE-DERIVED CELLS

7.1 INTRODUCTION
In the previous chapter, we highlighted that one striking characteristic of
meniscus development – the rapid organization and fibrillation of the interzone cell
cytoskeleton prior to fibrous tissue formation following joint cavitation. These
observations are consistent with other developing fibrous tissues across species—
including the rat annulus fibrosus of the intervertebral disc and the chick calcaneal
tendon (as reviewed in Chapter 5). These observations support the notion that cell
contraction, mediated through the actin cytoskeleton, is a conserved process in fibrous
tissue formation (Hayes, Benjamin and Ralphs, 1999; Schiele et al., 2015). Despite
these observations across multiple tissues, the functional implications of this subcellular
re-arrangement remain unclear. Work from the tendon and annulus fibrosus field hints at
the interesting possibility that cells physically act as a material template—providing both
mechanical robustness of the matrix-poor embryonic tissues as well as instructive cues
for directing proper matrix organization. In embryonic chick tendons, disruption of the
fibrillar actin network through ex-vivo treatment with blebbistatin (a small molecule
myosin inhibitor) caused a significant decrease in the microscale elastic modulus of the
tissue—implicating assembled actin filaments as important contributors to the nascent
tissue material properties during embryonic stages of growth (Schiele et al., 2015).
Furthermore, serial block face electron microscopy studies of collagen fibril organization
in growing embryonic tendons show that cell adhesions are maintained despite rapid
intercellular matrix accumulation, suggesting that physical cell organization and spacing
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directs collagen fibril alignment. This connectivity is seemingly paramount in defining
proper matrix organization and elaboration (Richardson et al., 2007; Kalson et al., 2015).
In the meniscus, as we demonstrated in Chapter 6, cell patterning and cytoskeletal
fibrillation precedes the development of a circumferentially aligned collagen matrix,
further supporting this notion.
Extensive in vitro work in multiple cell contexts indicates a strong link between
the structure of a cell’s actin cytoskeleton and the state of activation of its actomyosin
network—correlating presence of actin stress fibers with increases in cell adhesion,
force generation, and intracellular tension (Eyckmans et al., 2011; Ingber, Wang and
Stamenović, 2014; Murrell et al., 2015; Weaver, 2017). Indeed, the filamentous actin
structure in patterned interzone cells, as well as other developing fibrous tissues, is
comparable to the actin stress fibers seen in contractile cells (Figure 6-1, Figure 6-2)
(Tojkander, Gateva and Lappalainen, 2012). Furthermore, we noted a coincident
elongation of the nuclei in interzone cells at the time of this cytoskeletal re-arrangement,
which may further indicate a heightened degree of cell tension through engagement of
the filamentous actin network and subsequent tensioning and stretching of the nucleus
through actin-binding complexes at the nuclear membrane (Figure 6-4 b, Heo et al.,
2018). Together, these inter- and intra-cellular changes within E15.5 interzone cells of
the knee joint may indicate a coordinate increase in cellular tension. In fact, cells
embedded in isotropic collagen gels contract and rapidly align the surrounding matrix
fibers (Shi et al., 2013; Piotrowski-Daspit et al., 2017), further supporting that initial
collagen matrix organization in the embryonic meniscus may be a result of patterned
interzone cells organizing the surrounding collagen molecules through coordinated cell
contraction, polarization, and deposition of additional patterned ECM. Indeed,
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cytoskeletal organization has been shown to be critical for the orientation of extracellular
matrix molecules such as fibronectin and collagen in vitro and in vivo, highlighting the
direct link between internal cellular architecture and extracellular matrix organization
(Welch, Odland and Clark, 1990; Li et al., 2003; Singh, Carraher and Schwarzbauer,
2010; Kuroda et al., 2020). Understanding whether meniscus tissue morphogenesis is
dependent on organization of the internal cellular architecture, cell adhesion, and
perhaps contraction was the main motivation behind the work outlined in this chapter.
At the center of the canonical pathway for cell adhesion and force generation are
the myosin molecular motor proteins. In vitro, non-muscle myosin II (NM-II) has been
identified as a key component for cellular adhesion, traction, migration, and cell division.
NM-II can bind and track across polymerized actin filaments to establish stable cell
adhesions and pull against those adhesions during migration and spreading (VicenteManzanares et al., 2009; Shutova and Svitkina, 2018) as well as drive contraction of the
cytokinetic furrow during cell division (Taneja et al., 2020; Wang, Okada and Bi, 2020).
Non-muscle cells express a combination of three myosin isoforms: NM-IIA, NM-IIB, and
NM-IIC (encoded by Myh9, Myh10, and Myh14, respectively) (Heissler and Manstein,
2012; Ma and Adelstein, 2014b). While the NM-IIC isoform is expressed at a low level in
most tissues and cells, multiple in vitro studies have highlighted instances of both
specific and redundant roles of the NM-IIA and NM-IIB isoforms (Heissler and Manstein,
2012; Shutova and Svitkina, 2018; Heuzé et al., 2019; Weißenbruch et al., 2021). At a
single cell level, NM-IIA is considered the primary contributor to the initiation of focal
adhesions and cell-force generation and cortical tension, while NM-IIB is thought to
stabilize the mature adhesions, actin stress fibers, and cell polarization (Kuragano et al.,
2018; Heuzé et al., 2019; Yamamoto et al., 2019; Weißenbruch et al., 2021). It is well
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appreciated, however, that the roles of these isoforms are cell type and context specific,
even within in vitro systems.
Despite the clear functional importance of these molecules in cells in vitro, the
role of NM-II isoforms is far less studied within the native tissue context. Those few
studies that do exist, where NM-IIA and NM-IIB are perturbed in vivo using genetic
mouse models, show a spectrum of phenotypes that result from manifestations of
perturbed cell adhesion, migration, and proliferation. These in vivo NM-II deletions
highlight both similarities and differences from that which is seen in in vitro culture (Ma
and Adelstein, 2014b). NM-IIA and NM-IIB (but not NM-IIC) are required for life, as
global deletion (KO) of either results in embryonic lethality due to defects in cell
adhesion of either the visceral endoderm (NM-IIA KO) or neuroepithelial cells (NM-IIB
KO) during embryonic development (Conti et al., 2004; Ma, Bao and Adelstein, 2007).
Yet, these phenotypes are not isoform specific and do not depend on motor function, as
expression of mutant isoforms with impaired motor activity or expression of the
alternative isoform from the endogenous locus can rescue the observed defects (i.e.,
NM-IIA in NM-IIB KO locus or vice versa) (Bao et al., 2007; Ma and Adelstein, 2014b).
Other tissue-specific ablations show distinct roles for the NM-II isoforms, depending on
the tissue context. For example, in the placenta, NM-IIA is specifically required for cell
migration and focal adhesion formation (Wang et al., 2010). In contrast, NM-IIB is pivotal
for embryonic cardiac myocyte function. These cells, which typically align within linear
arrays in the ventricular myocardium during embryonic development, lose their ability to
pattern with NM-IIB deletion. This results in severe cell and cytoskeletal disorganization,
reduced proliferation, and failed cytokinesis (Tullio et al., 1997; Takeda et al., 2003; Ma
et al., 2009). Additionally, this deletion also causes positioning defects during heart
146

morphogenesis, such as a misalignment of the aorta and a failure of myocardialization
(Tullio et al., 1997). Importantly, while cytokinesis defects within the heart can be
reversed by expression of NM-IIB lacking motor function (R709C), morphogenic events
that depend on cellular migration and alteration of cell-cell adhesion within the heart are
not rescued by either the NM-IIB R709C mutant or NM-IIA expression. This
underscores the need for specifically the motor activity and cell force generation capacity
of NM-IIB (Ma and Adelstein, 2014a). In all, knock out mouse models have allowed for
investigation of distinct functions of NM-IIA and II-B within tissues—highlighting that their
specific, redundant, and context-dependent functions that manifest not only in vitro but
also in vivo.
Clearly, depletion of NM-II isoforms in vivo can target a key component of the
actomyosin network and have a profound impact on tissue morphogenesis. Given our
own evidence demonstrating that interzone cells develop a pronounced fibrillar
organization of actin during knee joint cavitation, as well as previous work suggesting
that this process of cell and cytoskeletal alignment instructs matrix alignment through
biophysical means (Hayes, Benjamin and Ralphs, 1999), we hypothesized that
embryonic meniscus patterning and formation (as described in Chapter 6) is driven by a
myosin-mediated mechanism. Based on in vivo studies of NM-II isoforms (Ma and
Adelstein, 2014b), we predicted that deletion of the NM-II proteins in the forming
interzone would disrupt the initial establishment of cell adhesions (and possibly tension
generation) during interzone cell patterning, resulting in cell disorganization, deficient
condensation, and alteration of meniscus morphogenesis. To test this hypothesis, we
generated interzone cell specific NM-IIA and NM-IIB deletions by using a Gdf5-Cre
mouse line. Our data showed that targeted single deletions of either NM-II isoform had
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very little overt impact on meniscus formation. To our surprise, even when meniscus
cells were challenged with a combined deletion of both NM-IIA and NM-IIB, we found
that the initial stages of meniscus formation were unaffected. Upon loss of both nonmuscle myosins, however, the menisci were less cellular, the resident cells showed a
dramatic loss of actin-rich cellular protrusions, and the menisci had a decrease in fibrillar
matrix organization at birth. Our findings pointed to a disruption of cell proliferation but
also suggested that cellular cytoskeletal organization and connectivity is mediated by
NM-II isoforms and is indeed directive in the proper organization of the initial ECM
template. Finally, we demonstrate that initial disruption of matrix organization can
recover during postnatal growth. Importantly, this work underscores the resilience of the
tissue development and growth process to even dramatic cellular alteration. That is,
despite a reduction in the density of endogenous cells and marked disorganization of the
nascent fibrillar matrix, the meniscus tissue is able to grow and even establish a
moderate degree of matrix organization in the absence of non-muscle myosins.
7.2 METHODS
For specifics about reagent catalog numbers, concentrations, etc., see Appendix D.
For details on PCR/qPCR, including primer sequences and catalog numbers, see
Appendix E.
7.2.1 Animals All animal housing, care, and experiments were performed in accordance
with the UPenn IACUC (protocol# 806669). For embryonic tissue assessment, timed
pregnancies were set up according to Chapter 6.2.1.
7.2.2 Generation of joint-specific non-muscle myosin (NM)-IIA and/or NM-IIB knockout
mice To make targeted deletions of NM-IIA and B isoforms, Myh9flox/flox (NM-IIA gene,
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MMRRC Strain #: 32096) and Myh10flox/flox (NM-IIB gene, MMRRC Strain ID #: 16981)
mouse lines were generously provided by Dr. Robert Adelstein at the NIH NHLBI, where
these mice were first generated. Full details regarding the generation of these lines are
described by Jacobelli et al., and Ma et al., for the Myh9f/f and Myh10f/f, respectively (Ma
et al., 2009; Jacobelli et al., 2010). Briefly, LoxP sites flanking exon 3 were introduced
for the Myh9 gene and exon 2 of the Myh10 gene, allowing for tissue-specific excision of
the Myh genes after crossing with a Cre-expressing mouse line. To generate NM-IIA and
NM-IIB double knock-out mice, we first generated a double-floxed Myh9f/f;Myh10f/f line
through sequential crossing of the single-floxed lines, followed by genotyping and
selection of animals with an increased number of floxed alleles. To specifically target
NM-II excision in joint tissues, Myh9f/f, Myh10f/f, and Myh9f/f;Myh10f/f lines were crossed
with the Gdf5-Cre mouse line (Tg(Gdf5-cre-ALPP)1Kng, Jackson Laboratory, Stock No:
031327). Gdf5 was chosen as the Cre driver as it is well appreciated to be the
specification marker of interzone cells, and has specific and robust expression in jointcell precursors throughout the time course of cell specification and joint cavitation (Chen
et al., 2016; Shwartz et al., 2016; Pregizer et al., 2018). Sequential crosses were
established to generate animals that were heterozygous for the Cre allele and
homozygous for the floxed Myh allele(s) (e.g., Gdf5cre/wt; Myhf/f) to avoid any impact from
Cre allelic dosing. Experimental litters were obtained by crossing Gdf5cre/wt; Myhf/f
animals with Myhf/f strains to yield animals that were homozygous for the floxed alleles
(Myhf/f), resulting in ~50% that were Gdf5Cre/wt (Myh knock out mutants) and the
remainder that were Gdf5wt/wt (littermate WT controls). At each stage of the breeding
process, genotyping was performed through tail-snip digest and PCR protocol provided
by MMRRC, using the primers detailed in Appendix E.
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7.2.3 Tissue harvesting, sectioning, EdU labeling and staining, and histology All tissue
handling and preparation methods for assays described in this Chapter can be found in
Chapter 3.2.2-3.2.5. For meniscus samples for whole-tissue SHG imaging, menisci
were dissected from the knee and maintained in PBS until imaging. Following imaging,
menisci were embedded in OCT and sectioned in the transverse plane to capture the
circumferential tissue orientation. These sections were stained such that the same tissue
regions could be visualized by SHG and confocal microscopy.
7.2.4 TUNEL staining To measure cell death/apoptosis, cryosections were first hydrated
in PBS, treated with 20µg/mL Proteinase K for 10 min at 37°C, and then stained using
the TUNEL kit (Roche), according to the manufacturer’s protocol.
7.2.5 Second harmonic generation (SHG) imaging and quantification SHG image
acquisition is described in Chapter 3.2.8. To quantify fiber alignment and fiber angle
distribution, forward-scatter SHG z-stacks of tissue regions were acquired at 8X zoom
(at 1024x1024 pixel resolution) and 1µm step size. Image stacks were converted to .tif
format and imported into a custom MATLAB script for analysis. The analysis pipeline
within the custom script was as follows: 1. Select every 3rd image from the imported tiff
stack as to avoid oversampling the collagen bundles being quantified. 2. For each image
of the sub-sampled .tif stack, apply an 8x8 square grid to segment each image into 64
smaller images, with 128x128 pixel dimensions. 3. For each small image of the grid, use
a Fast Fourier Transform (FFT) function to determine the predominant direction of
alignment based on pixel intensity (MATLAB Image Processing Toolbox). 4. Compile the
angle outputs from all image substacks and calculate the circular standard deviation
(CSD) using the Circular Statistics Toolbox functions in MATLAB. Representative fiber
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angle distributions for control and Myh dKO mutant tissues were generated and a
gaussian fit was performed in R (ggplot2 package).
7.2.6 Quantification of tissue images All measurements were conducted using standard
Fiji software plugins. EdU quantification was as described in Chapter 3. For assessment
of actin cell protrusion abundance, coronal phalloidin-stained sections were imaged
using a laser scanning Nikon A1R confocal microscope using a 20X objective at a
resolution of 0.2µm/px (1024x1024px image size), throughout the depth of the tissue at
1µm z-step size. Maximum intensity projections for each image stack were produced,
and a manual ROI around the meniscus boundary was drawn. The actin channel was
then thresholded, binarized, and the total stained area was calculated and divided by the
area of the meniscus ROI to generate % stained area. For calculation of meniscus width,
maximum intensity projections of whole-tissue SHG multiphoton scans were used to
outline the semilunar shape of the meniscus in the transverse orientation. An orthogonal
line segment was then drawn from the outer to inner boundary of the image at the spot
where the meniscus was thinnest (body region), and the length of the segment
correspond to the calculated meniscus width. To quantify the relative thinning of the Myh
dKO menisci, tissues of the same litter at each timepoint were acquired and an average
width of control menisci was determined. Percent (%) width was then calculated for all
control and mutant samples of a given litter by dividing their calculated width by the
average control width (with this value multiplied by 100 to obtain the percentage).
7.2.7 In situ hybridization The protocol for ISH is as described in Chapter 3.2.12. Specific
probes used in this study are listed in Appendix D.
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7.2.8 Cell isolation and culture Tail tendon fibroblasts were extracted from P28-P35
Myh9f/f;Myh10f/f mice. Animals were euthanized and then tails were removed and briefly
soaked in 70% ethanol for sterilization. Tail tendons were harvested manually by pulling
fascicles using tweezers; these were immediately placed into ice cold PBS. Tissues
were then transferred to serum-free DMEM media containing 0.1mg/mL Liberase and
100units/mL DNAse I and were digested for 1-1.5hrs at 37°C with moderate agitation
using a shaker. An equal volume of cell culture media (DMEM with 10% FBS and 1%
Penicillin/Streptomycin/Fungizone (PSF)) was added to digest solution, and the digest
was spun down at 300g for 10min at 4°C. Pellets were resuspended in cell culture media
and plated as a heterogenous mixture of single cells and semi-digested tendon
fragments (to allow for further cell crawl-out during culture). Undigested tendon remnants
were filtered and removed at first cell passage using a 0.45µm cell strainer. Cells were
cultured for no more than two weeks (1-2 passages) on tissue culture plastic for all
experiments to avoid possibility of aberrant cell transformation and the accumulation of
mechanical conditioning/memory.
7.2.9 Adenoviral infection, siRNA knock down, and pharmacologic treatment
Adenoviral infection: To induce Myh9/Myh10 excision in culture, Myh9f/f;Myh10f/f cells
were treated with adenoviral vectors delivering either Cre-GFP (Ad5-CMV-Cre-eGFP) or
an empty GFP control (Ad5-CMV-eGFP). Vectors were purchased from Baylor College
of Medicine’s Vector Development Lab. Cells were infected at an MOI of 300 for 24
hours in cell culture media supplemented with 5µM Polybrene (Hexadimethrine Bromide,
Sigma, H9268). Virus containing media was replaced by basal cell culture media 24
hours later, and cells were analyzed 48-72 hours post washout. Efficiency of viral
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infection was determined by imaging cells for GFP expression 24-72 hours post
infection. Nearly all cells expressed GFP in both the Adeno-Cre and Adeno-Empty
groups after 48 hours and at later time points. GFP fluorescence in cells receiving the
empty vector was ubiquitous and robust throughout the cell, while for cells infected with
adeno-Cre the GFP signal showed nuclear localization and was much less intense.
Blebbistatin treatment: To inhibit of myosin activity, cells were passaged at low density
(20,000 cells/standard 12-well), allowed to attach for 4hrs, and transferred to a low
serum DMEM medium containing 0.1% FBS/1% PSF overnight. Media was then
aspirated and replaced with low serum media containing either 10µM Blebbistatin
(Cayman Chemical, 13013-1) or an equivalent volume of DMSO vehicle as a control.
siRNA knockdown: 6-well plates at ~70% confluence (~200,000 cells/well) were
transfected with siRNA that were either a non-targeting control, or were directed towards
Myh9, Myh10, or Myh9 and Myh10 using Lipofectamine RNAiMAX, according to the
manufacturer’s protocol. Cells were then cultured for 72 hrs, after which they were
passaged and collected 24 hrs later (total knockdown time: 96 hrs). A total of 25pmol
total siRNA was used in each condition. For samples analyzed by immunofluorescence,
adenovirus or siRNA treated cells were passaged onto glass coverslips (see section
7.2.10), at a low seeding density (20,000 cells/12-well) that minimized cell-cell contact,
24 hours prior to experiment termination. For measurement of cell proliferation in the
various conditions, 5µg/mL EdU was added to the cell culture medium 24 hours before
the termination of the experiment (i.e., during the last cell passage).
7.2.10 Cell immunofluorescence For IF imaging, cells were seeded on glass coverslips
that were sterilized and fibronectin coated with 20µg/mL Fibronectin (Sigma, F1141) at
37°C for 1hr. Prior to staining, cells were fixed in 4% paraformaldehyde (PFA) for 15
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minutes at RT, washed in PBS, and permeabilized in a 0.1%Triton-X/PBS solution for 5
minutes at RT. For focal adhesion staining, cells were fixed for 10min at 37°C in a
microtubule stabilizing buffer containing 4% paraformaldehyde, 0.1M PIPES (pH 6.75),
1mM EGTA, 1mM MgSO4, 4% (w/v) poly(ethylene glycol), 1% Triton X-100, with no
additional permeabilization step. All cells were blocked with 5% NGS serum for 30min,
and primary antibodies were used at a 1:500 dilution in 1% BSA overnight at 4°C,
followed by AlexaFluor-conjugated secondaries applied for 1hr in 1% BSA at RT the next
day. For fibrous actin staining, Alexa-Fluor conjugated Phalloidin was added along with
the secondary antibody solution at a dilution of 1:800.
7.2.11 RNA extraction, cDNA synthesis, and qPCR RNA was extracted using Trizol and
the Direct-zol RNA Micro-prep kit (Zymo Research), according to the manufacturer’s
protocol. 250-500ng of RNA was converted to cDNA using the SuperScript IV VILO
Master Mix reverse transcription kit, according to the manufacturer’s protocol.
Quantitative PCR was carried out using either SYBR green (Applied Biosystems) with
5ng of cDNA or Taqman (Applied Biosystems) using 25ng of cDNA. Primer sequences
used for analysis are listed in Appendix E. For ∆Ct calculations, measured Ct value for a
gene in a sample was subtracted from the Ct of the housekeeping gene (18S).
7.2.12 Protein extraction and western blotting Cells were pelleted, washed in ice-cold
PBS, and resuspended in 1X RIPA Buffer containing 1X protease inhibitors, and
incubated on ice for 30 min., with intermittent rigorous pipetting to lyse cells. Lysate was
spun down for 15min. at 16,000g at 4°C. Supernatant was harvested, and protein
concentration was quantified via the BCA assay, according to the manufacturer’s
protocol. For western blotting, 12-25µg of protein was separated by SDS-PAGE using 4154

20% precast gels and transferred onto a PVDF membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad). After membrane washing and blocking in TBS/0.2% Tween
(TBST) containing 3% BSA (1 hr., RT), antibodies were applied at a 1:2000 dilution in
3% BSA/TBST overnight at 4°C. After a washing step to remove primary antibody, HRPconjugated secondary antibody (1:1000) was applied for 1hr. at RT in 5% milk/TBST,
followed by washing and visualization by incubation with ECL HRP substrate for 5min.
and imaging on the Gel Doc XR Imaging System (Bio-Rad, Hi-Chem setting).
7.2.13 Statistical analysis Cross sectional area, cell number, cell density, and
proliferation between control and Myh dKO menisci at P0 was compared using a twotailed Student’s t-test. For comparison of meniscus width and fiber alignment (CSD)
between control and mutant groups of multiple ages, a one-way ANOVA with
Bonferroni’s post hoc testing for pairwise comparison was used. In both statistical tests,
a significance cutoff of p<0.05 was used.
7.3 DELETION OF MYH9 AND MYH10 IN INTERZONE CELLS DOES NOT PERTURB
CELL PATTERNING DURING CAVITATION, BUT PROFOUNDLY ALTERS
MENISCUS CELL AND ECM ORGANIZATION AT BIRTH.
To first assess a potential role of the actomyosin network during meniscus
formation and growth, we evaluated the expression of NM-IIA (Myh9), NM-IIB (Myh10)
and NM-IIC (Myh14) in knee joint tissues via in situ hybridization. Consistent with reports
that NM-IIC is found in a limited set of tissue types, expression of Myh14 was very low in
both embryonic and postnatal knee joints. Conversely, both Myh9 and Myh10 were
highly expressed in the fibrous knee joint tissues compared to the surrounding deeperzone cartilage, at both embryonic and early postnatal timepoints. Interestingly, Myh9
expression persisted in the meniscus, cruciate ligaments, and articular cartilage
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postnatally (P0-P14), while Myh10 expression decreased after P0 (Figure 7-1). By P28,
expression of both NM-II isoforms was negligible.

Figure 7-1: In situ hybridization showing Myh9, Myh10, and Myh14 expression levels
within the murine knee joint.
a) Serial sagittal E14.5 murine knee joint sections probed for Myh9 (NM-IIA), Myh10 (NMIIB), and Myh14 (NM-IIC). Scale: 200µm b) Serial coronal sections of knee joints probed
for Myh9 (left) and Myh10 (right) at E17.5, P0, P14, and P28. c) Coronal serial sections of
P5 knee joints probed for Myh9 (left) and Myh14 (right). Scale: 200µm. Bottom panels are
higher magnification views of the top panels, showing the medial meniscus and
surrounding cartilage. Scale: 100µm.

The enrichment of NM-IIA and NM-IIB expression in both embryonic and
neonatal fibrous joint tissues (unlike NM-IIC) suggests that both proteins may be
functionally important for development and maturation of the knee joint. This is
consistent with the notion that these two isoforms have distinct functional roles in vitro in
cellular tension generation (Liu, Ho and Grinnell, 2014; Weißenbruch et al., 2021),
polarization (Sandquist et al., 2006; Sandquist and Means, 2008), and cell division (Ma
et al., 2012; Taneja et al., 2020; Wang, Okada and Bi, 2020), as well as in vivo tissue
function (Ma and Adelstein, 2014b). This raises the possibility that both isoforms may
uniquely contribute to the tissue assembly process.
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To begin to isolate the role of the two isoforms in the context of fibrous tissue
development, we first assessed the impact of NM-II isoform knockdown in cells cultured
on fibronectin coated glass substrates. Specifically, we used isolated primary tail tendon
fibroblasts—an easily obtainable cell source that bears similarity in microenvironment
and cell phenotype to meniscus and ligamentous tissue cells. Consistent with previous
findings in other cell types tested under similar conditions (Cai et al., 2006; Liu, Ho and
Grinnell, 2014; Kuragano et al., 2018), NM-IIA knock down by RNAi resulted in marked
changes in cell shape—with decreased cell spreading, fewer focal adhesions (as
visualized by Paxillin staining), and the emergence of long “spider-like” thin actin
protrusions (Figure 7-2). Conversely, NM-IIB knock-down had little impact on cell
morphology and focal adhesion size, also consistent with previous findings (Kuragano et
al., 2018; Weißenbruch et al., 2021). Cells in which both isoforms were depleted largely
resembled the NM-IIA single depletion. Importantly, cellular morphology changes and
focal adhesion loss in Myh9+Myh10 KD cells mirrored what was seen in cells treated
with Blebbistatin—a small molecule inhibitor of myosin activity. This suggests that,
consistent with our hypothesis, the emergent phenotypes following mRNA knockdown
are likely due to the loss of the protein’s motor function (Figure 7-2).
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Figure 7-2: Depletion of NM-IIA and/or NM-IIB via RNAi knock-down in tail tendon
fibroblasts.
Immunofluorescent confocal images of primary tail tendon fibroblasts from P35 mice
cultured on fibronectin-coated glass coverslips and treated with either siMyh9, siMyh10,
or siMyh9+siMyh10 siRNAs for 96 hours to knock down expression of NM-IIA, NM-IIB, or
both isoforms, respectively, or with 10µM blebbistatin (Blebbi) to block myosin motor
activity. Control cells were treated with a non-targeting siRNA. DMSO control for
blebbistatin group is not shown, but was similar to the control condition. Top panels
show fibrillar actin and nuclear staining, and middle row visualized focal adhesions
through Paxillin staining for the same field of view as the top row of images. Scale:
100µm. Bottom row shows higher magnification overlays of Paxillin (white) and actin
(cyan) staining. Scale: 20µm.

The more dramatic phenotype of NM-IIA depleted cells compared to NM-IIB
knock down aligns well with reports in the literature across various cell types that
suggest that NM-IIA is necessary for cell force generation (Even-Ram et al., 2007;
Hippler et al., 2020; Weißenbruch et al., 2021). However, mouse models have shown
that both NM-IIA and NM-IIB can invoke dramatic changes in tissues such as the heart
and brain, underscoring the need to consider each isoform in the in vivo tissue context
(Ma and Adelstein, 2014b). Thus, we next took a genetic approach to specifically ablate
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NM-II isoforms from cells of the forming knee joint tissues. For this, we generated
conditional knockout mouse lines wherein Cre-recombinase expression was driven by
Gdf5—the specification marker for the joint precursor cells—in either Myh9f/f or Myh10f/f
background animals. Surprisingly, no morphologic or cell-level changes were
discernable in mutant and control neonates with the deletion of NM-IIA (Gdf5Cre; Myh9f/f
line, Figure 7-3 a,b), and mutant animals survived to adulthood without any overt
abnormalities. A similar lack of discernable phenotype was noted with targeted deletion
of NM-IIB from joint tissues (Gdf5Cre; Myh10f/f line, data not shown). Interestingly, in situ
hybridization for Myh9 in Gdf5cre/wt; Myh9f/f (joint specific deletion of NM-IIA) neonatal
knee joints showed depletion of Myh9 expression from the meniscus and articular
cartilage compared to control (Gdf5wt/wt) animals, indicating that the Gdf5-Cre targeting
approach could successfully achieve the desired gene expression knock down in the
appropriate tissues in vivo (Figure 7-3 c).

Figure 7-3: Neonatal knee joints of Gdf5Cre/wt; Myh9f/f (targeted NM-IIA deletion) mice.
a) Schematic (left) and actin stained serial coronal cryosections (right) through the knee
joints of a representative P5 control (Gdf5wt/wt ; Myh9f/f, no cre expression) and mutant
(Gdf5cre/wt ; Myh9f/f, cre expression—Myh9 KO) littermate. The anterior horn (top row),
consecutive body regions (middle panels), and the posterior horn (bottom row) are

159

shown. Scale: 200µm. b) High resolution images of actin and nuclei distribution in the
medial meniscus body region of a control and Myh9 KO from a). Representative in situ
hybridization for Myh9 in coronal sections of contralateral control and mutant limbs from
a,b. Scale: 25µm c) Black arrowheads point to regions of depleted Myh9 staining in
mutant tissues.

Given the dramatic phenotypes following deletion of NM-II isoforms in other
tissue types (Ma and Adelstein, 2014b), we attributed the lack of changes in knee joint
structures of Gdf5cre/wt; Myh9f/f and Gdf5cre/wt; Myh10f/f mice to possible compensation
occurring between the two NM-II isoforms. Our in vitro data showed that NM-IIA
knockdown causes deficits in contractility and actin organization, even in the presence of
NM-IIB, suggesting that NM-IIB alone is unable to compensate for a loss of NM-IIA
(Figure 7-2, Appendix C-7). In fact, even when NM-IIB is over-expressed in cultured
cells, the NM-IIA phenotype cannot be rescued (Weißenbruch et al., 2021). Yet, there is
also emerging evidence that the context in which the NM-II deletion is done (e.g. stiff 2D
substrates, 3D collagen gels, micropillars, in vivo ablation) impacts the cellular response
and behavior with NM-II knock down, and replacement studies between the two isoforms
in vivo show rescue of some of the induced defects (Bao et al., 2007; Weißenbruch et
al., 2021). In fact, a comprehensive overview of the mechanism by which tissue specific
NM-II isoform deletions lead to the observed phenotypes suggests that, in some cases,
the actin-crosslinking ability and resultant tension and adhesion maintenance may be an
isoform independent structural function of the NM-II protein that is supported by both
isoforms (Ma and Adelstein, 2014b).
To account for possible isoform compensation, we next generated animals in
which both of the Myh9 and Myh10 alleles were floxed, allowing for targeted excision of
both isoforms within knee joint tissues through Gdf5 driven Cre recombinase expression.
Induction of Cre expression in isolated Myh9f/f;Myh10f/f tendon fibroblasts indeed resulted
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in cellular changes akin to our results with the Myh9/Myh10 siRNA double knockdown
and Blebbistatin treatment. These changes include a loss of cell spreading, emergence
of “spider-like” thin protrusions, and a loss of focal adhesions. Therefore, we concluded
that gene excision through adenoviral Cre delivery phenocopied what is seen with
targeted gene knockdown at the single cell level (Appendix C-9, Figure 7-2).
We next assessed the impact of this double deletion on meniscus
morphogenesis in the established Gdf5Cre/wt;Myh9f/f;Myh10f/f mice (herein referred to as
Myh dKO) compared to control (Gdf5wt/wt;Myh9f/f;Myh10f/f ) littermates. At E16.5, Myh
dKO joints appeared fully formed with only modest differences in Myh9 and Myh10
expression within the nascent meniscus tissue compared to Cre negative littermate
controls (Figure 7-4 a). Joints of mutants contained wedge-shaped menisci and wellorganized cruciate ligaments. Additionally, E16.5 mutant menisci maintained proper cell
and cytoskeletal alignment and organization, indicating that these key features of
meniscus morphogenesis were not perturbed (Figure 7-4 b). These results may be
explained by an insufficient NM-II knock down within the interzone (IZ) cells at the time
of cavitation—either due to low Cre-mediated excision in Gdf5 expressing IZ cells or the
continued presence from remaining Myh transcripts—allowing for fibrous tissue
patterning to continue without hinderance at this timepoint.
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Figure 7-4: Actin fibrillation and meniscus morphogenesis is not disrupted at E16.5 in
Gdf5Cre/wt; Myh9f/f; Myh10f/f mice.
a) In situ hybridization for Myh9 and Myh10. in sagittal knee joint sections of control
Gdf5wt/wt; Myh9f/f; Myh10f/f (left) and mutant Gdf5Cre/wt; Myh9f/f; Myh10f/f (right) at E16.5.
Lateral meniscus horn regions depicted. Bottom panel shows immunofluorescence of
sagittal sections from contralateral limbs stained for actin and nuclei to demonstrate
representative morphology. Scale: 50µm. b) Confocal imaging of actin organization in the
lateral meniscus body region of E16.5 joints shown for the same conditions as depicted
in the bottom panels of a).

Despite the lack of change at earlier embryonic stages, we noted marked
differences in cytoskeletal structure of Myh dKO menisci of newborn animals (P0). In
control animals, there were abundant actin-rich cellular protrusions percolating through
the circumferential collagen fibers at P0. These cytoplasmic projections are similar to
those described in tendon, where the authors suggested that this is a mechanism by
which cells of fibrous tissues preserve crucial cell-cell contacts that form an intercellular
signaling network (McNeilly et al., 1996). Similar extensions have also been reported in
the meniscus in other species (Hellio Le Graverand et al., 2001), and we have previously
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observed such protrusions in our Col1/2/10 reporter mice (Figure 3-6). Most notably, in
the Myh dKO mutants, these intercellular projections were significantly diminished, and
the arborized cytoskeletal network was completely eradicated in both the medial and
lateral menisci (Figure 7-5 a, b). Indeed, this phenotype was incredibly consistent—all
analyzed Cre-expressing mutants, from multiple litters, on average exhibited a 31%
reduction in actin-stained area throughout the meniscus wedge (Figure 7-5 c).
Visualization of the circumferential tissue orientation confirmed this disorganization of
the cytoskeletal network, with a loss in circumferentially aligned fibrillar actin bundles,
and the emergence of actin-rich blebs that appeared to be extracellular, potentially due
to aberrant ‘pinching off’ of the cytoplasm (Figure 7-5 d, yellow arrowhead). We also
observed multinucleated cells in both the meniscus as well as the surface layer of the
articular cartilage (AC)—another tissue region targeted by Gdf5-Cre (Figure 7-5 d white
arrowhead, Appendix C-1 white arrowheads). This is consistent with findings in
embryonic hearts upon Myh10 deletion (Tullio et al., 1997; Takeda et al., 2003), wherein
only the NM-IIB isoform is expressed, and suggests that the observed cell
multinucleation of the menisci and AC of Myh dKOs is a result of cytokinetic failure due
to a critical depletion of both NM-II isoforms in select cells. Finally, based on our earlier
observations of nuclear lamina reinforcement coincident with actin fibrillation during
development (Figure 6-3c), we were curious to see if the altered cytoskeletal state of
these mutant menisci and articular cartilage cells had any impact on the structure of the
nuclear lamina. However, both meniscus and articular cartilage cells retained elevated
Lamin A/C abundance at the nuclear lamina compared to deeper zones cells, indicating
that the removal of non-muscle myosins did not impact this phenomenon (Appendix C2).
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Figure 7-5: Actin-rich cellular extensions throughout meniscus tissues are significantly
diminished in P0 Myh dKO animals.
Coronal views of P0 control and Myh dKO medial (a) and lateral (b) menisci. Right panels
in a) depict high-magnification images of the outer and inner regions. Magenta: nuclei
(DAPI), Green: actin (phalloidin). Scale: 20µm. Zoom insets: 5µm. c) Percent of the total
meniscus cross-sectional area stained by actin. n=5 (control) and n=6 (dKO) P0 animals
assessed from 3 litters. d) Transverse sections of control and dKO menisci showing actin
organization in the circumferential orientation. Multinucleated cell shown with white
arrowhead. Actin rich blebs shown with yellow arrowheads. Scale: 5µm.
.

To better understand the level of knockdown of Myh9 and Myh10 driving the
observed phenotypes, we also performed in situ hybridization (ISH) on P3 knee joints.
Consistent with our earlier findings, Myh9 and Myh10 expression was high in cells of the
menisci and articular cartilage in control animals. While staining intensity was lower in
Cre-expressing mutant tissues, we did note that some resident cells of the menisci still
contained distinct puncta, indicating that some cells may have retained Myh expression
(Figure 7-6). As 4 alleles per cell must be excised by Cre to achieve full double deletion,
the mosaic expression patterns in Myh dKO tissues are consistent with incomplete
excision. Nonetheless, targeted knockout of both Myh9 and Myh10 in knee joint tissues
resulted in an overall reduction in expression of both NM-II isoforms and caused severe
reduction and reorganization of the actin cytoarchitecture in resident meniscus cells.
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Indeed, the observed phenotype was reminiscent of the reaction of cultured cells to
treatment with myosin inhibitors such as Blebbistatin, or NM-II knockdown by RNAi
(Figure 7-2). This suggest that the in vivo alterations in cellular architecture and
cytoskeletal organization are a direct consequence of the NM-II depletion.

Figure 7-6: Myh9 and Myh10 in situ hybridization in P3 Gdf5Cre/wt; Myh9f/f; Myh10f/f joint
tissues.
In situ hybridization for Myh9 (a) and Myh10 (b) in coronal sections of P3 control (left) and
Myh dKO mutant (right) menisci. Medial and lateral menisci for the same animal shown.
Representative images from n=1 control and n=2 mutant littermates analyzed. Scale:
50µm. Bottom panels are zoom-ins of indicated regions. Scale: 15µm.

7.4 STRUCTURAL ORGANIZATION OF THE NEWBORN MENISCUS IS
SIGNIFICANTLY ALTERED WITH MYH DKO.
Given that the dramatic cytoskeletal rearrangement at birth pointed to a
perturbation in cellular structures during early stages of postnatal growth, we next sought
to assess tissue-level changes within the menisci of newborn Myh dKO mutants. At birth,
the size of the tissue (as measured by the cross-sectional area of the medial coronal
wedge, as in Chapter 3) was not significantly different between groups. This was due to
the high intra-animal variation in both control and mutant animals, which we attributed to
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typical variance in animal size at birth (Figure 7-7 a,b). However, there was a consistent
and marked reduction in cell number within the meniscus wedge of mutant tissues
(Figure 7-7 c). While in some cases tissues both had less cells and reduced area of the
meniscus body, other mutants had a reduction in cell number but not in cross-sectional
area—leading to a high variability in measured cell densities within the tissue (Figure 77 d). The decrease in meniscal cell number was also accompanied by a significant
decrease in the number of proliferating cells in Myh dKO menisci (Figure 7-7 e, left
graph). Notably, dividing cells in the mutant tissues were almost always found within the
outer meniscus region, as denoted by a sharp decrease in the percentage of EdU
positive cells located in the inner half of the meniscus wedge (Figure 7-7 e, right graph).
Finally, since the decrease in meniscus cell number could be due to increased levels of
cell death, we assessed this possibility using commercial TUNEL staining kits. Staining,
however, showed little positive signal in joint tissues, indicating that the alterations in
tissue structure and cell density reduction in mutants was not likely due to cell loss
through apoptosis (Appendix C-3).
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Figure 7-7: NM-II deletion decreases cell proliferation and cell number in P0 menisci.
a) Representative coronal views of P0 control (top) and Myh dKO (bottom) menisci
stained for EdU to show proliferation within meniscus tissue and surrounding cartilage in
the 24 hr. time window prior to sacrifice (see methods). Scale: 50µm. Images also
represent the orientation used for metrics quantified in b-e. Yellow dashed line shows
outline of meniscus wedge used to calculate the cross-sectional area (CSA) of the
meniscus body region shown in b). Cross sectional area (CSA) (b), cell number (c), cell
density (d) and cell proliferation, as measured by % cells with positive EdU staining (e), in
the meniscus wedge in the body region of the tissue. In (e), the left graph shows the %
cell proliferation in the whole wedge while the right graph calculates the percent of the
total EdU+ cells that were present in the inner half of the tissue. For all quantification,
biological replicates are shown with mean and st. dev. shown. Statistical comparisons
were made by two-tailed student’s t-test.

Given that we previously observed that the cell cytoskeletal structure mirrors the
alignment of the forming collagen fibers during early meniscus growth (Chapter 6), we
also wanted to evaluate the organization of the extracellular matrix in Myh dKO menisci.
Strikingly, though there was a significant reduction in cell number and a drastic
disruption in the cell protrusions within the tissue, SHG imaging showed the presence of
fibrillar collagen that was roughly organized in the circumferential direction (Figure 7-8
a). Within the outer meniscus, however, it was clear that the assembled collagen fibers
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lacked the proper alignment that was established by birth in control littermates. Analysis
of fiber directionality showed an increase in the circular standard deviation of fiber
angles, indicating a higher spread in the fiber angle distribution and therefore a lower
degree of alignment (Figure 7-8 b,c). These results are consistent with the notion that,
in the early growth period following tissue formation, cellular connectivity and
cytoskeletal arrangement acts as a template for proper matrix organization. Taken
together, we show that though our targeted NM-II deletion approach did not prevent cell
patterning and formation of a semilunar structure, the resultant tissue was less cellular
and lacked a robust cell connectivity through actin-rich cytoplasmic protrusions. This, in
turn, was reflected by poorly organized fibrillar collagen fibers, underscoring the inability
of endogenous cells to properly organize the synthesized matrix.

Figure 7-8: Fibrillar collagen abundance and alignment is diminished in NM-myosin dKOs.
a) Representative maximum intensity projections of whole dissected medial menisci
imaged via SHG to visualize presence of fibrillar collagen matrix. Scale: 100µm. Yellow
boxes indicate areas that were imaged at higher magnification, shown in b). Scale: 5µm.
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c) Top: Gaussian-fitted representative distribution of fiber angles for control (grey) and
Myh dKO (cyan) menisci quantified from images depicted in b). Bottom: Circular standard
deviation (CSD) of fiber angles measured in control and Myh dKO medial menisci. Lower
degree of fiber alignment corresponds to a higher CSD value. Each point represents a
biological replicate. Mean and st. dev. shown. Statistical comparison made by two-tailed
student’s t-test.

7.5 ALTERATIONS IN TISSUE SHAPE AND ACTIN ORGANIZATION PERSIST IN
MYH DKO MENISCI DURING POSTNATAL GROWTH, BUT MATRIX
ORGANIZATION RECOVERS WITH LOAD BEARING USE.
We have previously shown that postnatal growth of the meniscus (and other
fibrous tissues) involves the deposition of new matrix atop the initial order established by
cells at birth. Our results show that NM-II depletion in the newly forming meniscus
severely perturbs key attributes in the initial process of tissue and matrix assembly and
growth. The Myh dKO model thus provides a unique opportunity to observe what
happens during meniscus maturation, when the aberrantly formed cellular and matrix
foundation is further mechanically challenged by increasing loadbearing activities.
Strikingly, though P0 meniscus cells exhibited signs of improper cell division and
multinucleation, tissue growth through fibrous matrix deposition did occur in Myh dKO
mutants (Figure 7-9 a, Figure 7-10 a). While the tissues grew, P14 Myh dKO menisci
showed deficits in the anterior horn and body regions and continued to have lower
cellularity compared to control littermates (Figure 7-9 a, b). Most of the cells contained
abnormally shaped nuclei and retained their collapsed, cortical actin cytoskeleton rather
than the long cytoplasmic protrusions seen in controls. Interestingly, the outermost edge
of mutant menisci contained a cell population with actin-rich cellular extensions (Figure
7-9 b, yellow arrowhead). Transverse views of this cell populations, however, clearly
showed that, unlike control outer meniscus cells—which maintained linear actin bundles
aligned in the direction of the local matrix fibers—fibrillar actin in the outer meniscus cells
of Myh dKO tissues was much more disorganized (Figure 7-9 c).
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Figure 7-9: Actin staining in P14 Gdf5Cre/wt; Myh9f/f; Myh10f/f menisci shows persistence of
the altered cytoskeletal phenotype seen at birth.
a) Representative views of the anterior horn, body, and posterior horn regions of the
medial meniscus acquired through serial sectioning of a P14 control (left) and Myh dKO
knee joint, stained for actin (green) and cell nuclei (magenta). Yellow dashed line shows
outline of the meniscus wedge. Scale: 200µm. b) High magnification images of the outer
and inner P14 meniscus body regions in the coronal orientation (similar to Fig. 7-5).
Scale: 10µm. c) Transverse sections of P14 medial menisci showing circumferential views
of cell and actin organization for a control and mutant littermate. Scale: 5µm
.

Consistent with the signs of continued cytoskeletal disruption, whole-tissue SHG
imaging of P14 menisci showed that the outer region collagen matrix of Myh dKO
mutants continued to be more disorganized (Figure 7-10 a, c). However, and strikingly,
by P28, outer meniscus collagen fiber orientation became more aligned, and matched
the level of organization seen in the control meniscus matrix (Figure 7-10 c). Despite
this apparent rescue of the matrix organization, the overall shape of mutant menisci
continued to be altered—with the width of the body regions significantly reduced in
mutants compared to controls. This reduced width appeared to be due to the loss of the
inner meniscus region, possibly because of abrogation of cell proliferation within this
region at birth (Figure 7-7 e). This apparent tissue narrowing highlights a possible
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deficiency in mutant meniscus function, as decreased width also signifies a lower degree
of tibial plateau coverage by the tissue and the potential exposure of the underlying
cartilage to aberrant mechanical cues (Figure 7-10 b). Indeed, by P28, cellular changes
could be seen in the articular cartilage, with general loss of the flattened superficial cells,
non-uniform cell distribution, and appearance of multinucleated cell clusters (Appendix
C-5). As articular cartilage cells are also a Gdf5-derived cell type, and we observed
multinucleation at P0, it is difficult to conclude whether the observed cellular disruption is
due to NM-II depletion within this cell population, or whether it is a consequence of
meniscal insufficiency during loadbearing in the first month of life. EdU incorporation
showed no differences in proliferation between control and mutant joint tissues,
indicating that pathologically induced cell expansion was not occurring (Appendix C-4).
Furthermore, TUNEL staining again showed no increase in cells undergoing apoptosis in
mutant tissues (Appendix C-3). However, high-magnification SHG did show an increase
in pericellular signal within P28 articular cartilage of mutant knee joints, suggesting
increased matrix deposition around the cellular lacunae—possibly as a response to
increased mechanical forces experienced by this cell population (Appendix C-5 yellow
arrowheads). In all, our analysis of postnatal Myh dKO knee joints shows that, despite
substantial sustained perturbation to the cellular composition and structure through NMII depletion, meniscal tissues were able to increase in size through ECM deposition and
withstand activity-generated extrinsic forces for at least the first month of life.
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Figure 7-10: Fibrillar collagen abundance and alignment is decreased in NM-myosin
dKOs.
a) Representative images of maximum intensity projections of dissected P0, P14, and P28
medial menisci imaged by SHG to show fibrillar collagen abundance and alignment.
Scale: 100µm. Insets to the right depict zoomed in views of the outer tissue region.
Images for P0 control and dKO samples taken from Figure 7-8. Scale: 10µm. b) Decrease
in circumferential width (%width, see schematic) of Myh dKO medial menisci compared to
control littermates as measured by the relative ratio of the width of a tissue sample to the
average width of control menisci within a litter (and multiplied by 100). c) Circular
standard deviation of measured fiber angles (as in Fig. 7-8). P0 quantification is taken
from Fig. X-8 and shown here for age-wise comparison. For b), and c), biological
replicates with mean and st. dev. shown. Statistical comparisons are made using
Bonferroni post-hoc analysis for pairwise comparisons following a 1-way ANOVA.

7.6 DISCUSSION
In this study, we sought to perturb cytoskeletal organization and establishment of
intrinsic forces of interzone and embryonic knee joint cells to test whether cell-generated
physical cues during embryonic tissue development contribute to proper morphogenesis
and matrix assembly. Using Gdf5-Cre to specifically target the interzone cell population,
we introduced single and double deletions of NM-IIA and IIB (the major non-muscle
myosin isoforms expressed in these cells), thus ablating major components of the
actomyosin network. Surprisingly, we found that neither single deletion of NM-IIA or NM172

IIB, nor a combined deletion of both isoforms (Myh dKO mutants), was able to perturb
embryonic meniscus patterning and tissue formation. However, by birth, meniscus
tissues of the Myh dKO mutants did show a marked disruption of the actin-rich
cytoskeletal protrusion network that typically surrounds the nascent circumferential
collagen fibers. Instead, cells of mutant tissues exhibited loss of these protrusions and a
reduction of the ordered cytoskeletal structure (Figure 7-5), which was consistent with
the response of cells in vitro inhibition of myosin motor activity by blebbistatin (Figure 72). The cellular organization in the Myh dKOs was also akin to the behavior of cells
isolated from epicardial tissue targeted by a NM-IIB deletion, which had markedly more
irregular and shorter F-actin filaments when embedded in a 3D collagen matrix (Ma et
al., 2017). Notably, disorder of the cellular protrusions was also mirrored by a marked
decrease in the circumferential collagen fiber organization at birth. Taken together, these
observations support the hypothesis that actin rich cellular protrusions and cell alignment
are instructive for proper alignment of newly deposited collagen fibrils (Hayes, Benjamin
and Ralphs, 1999; Canty et al., 2004; Kalson et al., 2015). Importantly, our work also
supports that this process depends on NM-II activity (Kalson et al., 2013).
Interestingly, just as the inner and outer regions of wildtype menisci exhibit
distinctions in cell populations (Chapter 3), we also noted differences in the regional
phenotype of cells in the Myh dKO menisci. Namely, while abundance of cell protrusions
was markedly decreased overall, this phenotype was most striking in the inner meniscus
cells, where actin localization was completely cortical (Figure 7-5 a). In contrast, some
cells in the outer meniscus retained evidence of cytoskeletal projections, though the
meshwork of cellular extensions that was present in control tissue regions was almost
completely abolished. Additionally, while deletion of both NM-II isoforms caused a
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significant reduction is cell proliferation, this phenotype was again more marked in the
inner meniscus (Figure 7-7 e). Loss of cell proliferation at the inner tissue boundary may
also contribute to the “thinning” of the meniscus seen in later ages (Figure 7-10 a, b),
through the loss of this population and subsequently the entire tissue region. Cell death
(via TUNEL staining) was not observed in any part of the tissue at any age (Appendix
C-3), indicating that ‘loss’ of the inner meniscus region is likely due to other factors—
perhaps insufficient matrix production leading to progressive shearing off of the cells with
applied mechanical loads, or other mechanisms not yet considered. In contrast, some
cells of the outer meniscus were still able to divide, especially in the outermost margin of
the tissue that interfaced with the adjacent fascia (Figure 7-7 a). It is not yet clear
whether these cells were targeted by GDF5-cre, or represent an exogenous cell type
that is invading the outer meniscus. Regardless, their surrounding matrix remains
disorganized at P28.
The significant decrease in overall cell proliferation at P0 likely explains the
dramatic reduction in cell number within the meniscus body, and is consistent with the
finding that NM-IIB deletion results in hypoplastic hearts due to cytokinetic failure
(Figure 7-7 c, e) (Ma and Adelstein, 2014b). In fact, our in vitro studies showed that
reduced cell division is likely due to the Myh10 deletion, as knockdown of Myh10, but not
Myh9, by RNAi caused a 3-fold drop in EdU incorporation (Appendix C-10). Because
the cell division deficit appears to be linked to deficits in Myh10, it may be possible to
rescue the cell division defect while maintaining the perturbation in cell connectivity and
contractility by further querying Cre-expressing mice that retain one wildtype allele of
Myh10 (Gdf5 Cre/wt; Myh9fl/fl; Myh10fl/wt). While single deletion of NM-IIA or NM-IIB did not
show any overt phenotype, it is possible that partial knockdown of NM-IIB in cells in the
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absence of NM-IIA may elicit a cellular response without impacting cell division, as it has
been show that very low levels of the protein are needed to restore cytokinetic function
(Üren et al., 2000). In fact, for tissues that preferentially express one NM-II isoform over
the other (e.g. the heart), gene dosage effects have been noted—showing that
genetically decreasing, but not fully ablating, the isoform’s expression is able to continue
to exhibit cell adhesion phenotypes but rescue cell division defects in a dose dependent
manner (Üren et al., 2000). What is notable is that during normal development of the
meniscus (as well as other load bearing fibrous tissues), cell proliferation is relatively
low, as evidenced by EdU incorporation in control menisci being only 15% even at P0
(Figure 6-7 e). As we show and discuss in Chapter 3, proliferation also quickly
diminishes with age (Figure 3-1), and cell expansion does not significantly contribute to
postnatal tissue growth. As such, while disruption of proper cell division was an
unwanted consequence of the genetic knockout, it may not be the primary driver of the
observed meniscus alterations, especially during postnatal growth.
One possible explanation for the inner to outer differences in cellular phenotype
in Myh dKO menisci may be that induction of NM-II deletion through Gdf5-Cre does not
target all regions of the meniscus equally, due to regional differences in expression of
Gdf5 earlier in development. In fact, lineage tracing of knee joint cells during
development has suggested that differences in the length of time during which interzone
cells express Gdf5 may contribute to their fate specification (i.e. meniscus vs. cruciate
ligament vs. articular cartilage cells) (Shwartz et al., 2016). Though differences in Gdf5
expression between embryonic meniscus zones have never been dissected, the length
of time of Cre activation by P0 may be different in outer and inner meniscus cells,
leading to differences in time since Myh gene excision and subsequent cellular
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alteration. Indeed, some Myh9 and Myh10 expression was detected by in situ
hybridization in P0 Myh dKO menisci, mostly in the outer portions of the tissue (Figure
7-6). This suggests that even though tissues clearly exhibited a phenotype, levels of NMII knockdown may have varied from cell to cell and further implies that in our system,
mutant menisci may be assembled by a heterogeneous mixture of cells with varying
levels of NM-II deficiency. What is striking is that one would expect that heterogeneity
which arises due to stochastic differences in gene excision levels should also be
accompanied by high levels of variance in the resultant phenotype. Yet, we found that
the cellular changes—as they relate to disruption of actin-rich protrusions and decrease
in cell number—was very repeatable, occurring at comparable levels across mutants of
the same litter and across independent litters as well (Figure 7-5 c).
An alternative explanation for the inner-to-outer differences in the mutant menisci
is that some cells within the outer meniscus may not be Gdf5 derived—a theory
consistent with work by Hyde et al. which suggests that certain parts of the menisci may
come from a non-interzone derived lineage altogether (Hyde, Boot-Handford and Wallis,
2008). Interestingly, though the cytoskeletal network was still profoundly altered in P14
mutant meniscus compared to control, the outermost boundary of the tissue did contain
cells that had long actin-rich protrusions (Figure 7-9 b). These protrusions were much
more disorganized and “tangled” as compared to the pattern seen in control cells, but
their presence suggests that cells at the meniscus periphery may be able to partially
invade into the meniscus tissue and contribute to some of the forming matrix structure.
The fact that clear differences between control and Myh dKO menisci could be
seen at birth indicates that the impact of the deletion begins to emerge embryonically.
However, our histologic analysis of newly formed menisci at E16.5, when actin alignment
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and fibrillation in resident tissues is near its peak (Figure 7-1b, Figure 6-2a), showed
little change in this organization in Myh dKO mutants, and only subtle decreases in Myh9
and Myh10 gene expression (Figure 7-4). This may again be explained by the fact that
significant depletion of the NM-II isoforms isn’t achieved by this timepoint, either due to
insufficient gene excision, or persistence of transcribed protein. Technically, expression
of Gdf5 within the knee interzone begins as early as E11.5 (Shwartz et al., 2016),
leaving a time window of about four days for Cre transcription, translation and
subsequent Myh gene excision prior to the cell patterning event (E15.5) at which we first
see evidence of actomyosin contractility. We thus considered Gdf5 to be the ideal
genetic Cre driver because of its high and specific expression in the interzone prior to
meniscus patterning. However, given that four alleles need to be excised in order to fully
ablate both NM-II isoforms, it is plausible that sufficient levels of gene deletion using
Gdf5-Cre are not reached until later embryonic stages. What is clear is that
understanding the level and penetrance of the Myh9 and Myh10 deletion is pivotal in
teasing out the role of NM-II in meniscus morphogenesis. While analysis of Myh9 and
Myh10 transcript levels via in situ hybridization provided an initial view of expression
patterns within a tissue context (Figure 7-1, Figure 7-6), we plan to further validate
expression levels through tissue harvesting and qPCR (as done in Chapter 3) and
eventually single cell RNA sequencing (see section 7.7). This will allow us to
quantitatively compare the level of knockdown in inner and outer meniscus cells, and the
consequence of this on phenotypic progression and tissue formation and maturation.
Tracking the state of mutant menisci with postnatal growth uncovered another
remarkable fact: even in the case of severe cellular deficiency, perturbation of cell
connectivity, and a disassembled actin network and disorganized collagen template, the
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menisci and articular cartilage are still able to grow and accumulate dense fibrous
extracellular matrix and do so without hyper-proliferation of the reduced resident cell
pool (Figure 7-9, Figure 7-10, Appendix C-4, Appendix C-5). Notably, while the inner
portion of the tissue seemed to be missing (resulting in tissue “thinning”), the P14 and
P28 Myh dKO menisci still had comparable levels of fibrillar collagen as visualized by
SHG (Figure 7-10). These results make it clear that within the meniscus that remains,
even the significantly diminished resident cell population (with markedly altered
properties and reduced proliferation) is able to synthesize sufficient amounts of fibrous
matrix to form a tissue. This may imply that fibrous tissues such as the meniscus are
formed with an excess of cells relative to the amount that is needed to synthesize and
assemble enough matrix. This is perhaps a design feature of these tissues, ensuring that
a robust matrix structure can be built even if a subset of the cells are non-functional. This
notion is supported by work in tendon which showed that ablation of resident tenocytes
in 3 week old tendons using diphtheria toxin had no significant impact on tissue growth
after 3 months (Best et al., 2021).
The question remains, however, as to how the disorganized matrix see at P0 is
transformed into the organized (albeit smaller) structure seen at P28. We posit that we
may be seeing an instance of extrinsic forces compensating for a lack of cell-generated
tension in the post-natal growth of Gdf5-Cre Myh dKO mutant menisci. Our data show
that the initial (P0) deficits in collagen fiber alignment (that are likely due to loss of
cytoskeletal organization) are steadily reversed during postnatal growth. Specifically, we
saw the circular standard deviation (CSD) of the fiber alignment in mutant menisci
decreases with age, indicating an increase in the fiber matrix anisotropy (Figure 7-10 c).
This raises an exciting concept that extrinsic growth and/or load-generated mechanical
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inputs may be able to override and/or supplement cellular cues as a mediator of matrix
alignment. Interestingly, we noted in the previous chapter that with age, nuclear
elongation of meniscus cells gradually decreases following cavitation at E15.5 and
throughout postnatal growth, possibly reflecting a gradual “relaxation” of the cells’
contractile states (Figure 7-3 from previous chapter). Indeed, in control animals,
expression of Myh9 and Myh10 also decreased after P0 (Figure 7-1b), consistent with
cells reducing the engagement of their actomyosin network. Taken together, these
results may indicate that in both the control and mutant scenarios, fiber alignment during
postnatal growth is less dependent on cell contraction then on growth mediated strains
(for example tibial widening) and extrinsic mechanical loads (for example load bearing
activity) resulting in further morphological and organizational changes in the meniscus.
Indeed, fibers of collagen gels fabricated in vitro are known to orient in the direction of
applied strain, even without the presence of cells, suggesting that if cells are able to
synthesize and deposit matrix molecules, tissue generated strains from ambulation and
weight bearing may guide fiber orientation and alignment (Vader et al., 2009). It stands
to reason, then, that following nascent collagen fiber assembly, extrinsic mechanical
cues are able to direct and perhaps even correct deficits in matrix alignment. The long
term patency of this diminished meniscus structure remains to be determined, however.
In summary, although we are not able to perturb embryonic cell patterning during
fibrous tissue formation, we were able to induce a NM-IIA and NM-IIB deletion during the
early stages of tissue growth. In doing so, we demonstrated that even such a drastic
genetic perturbation does not fully abrogate fibrous tissue growth. Aside from all the
implications and consideration of this notion discussed above, this study also
underscores the remarkable robustness of tissue morphogenesis as a process. In all,
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this work takes exciting steps forward in studying the role of cell-generated biophysical
cues during the assembly and maturation of fibrous load bearing tissues in a
developmental in vivo context.
7.7 FUTURE WORK
As noted above, there remain several open questions to be addressed based on the
work completed to date. These are discussed in the following sections.
7.7.1: Evaluation of excision efficiency and timeline of NM-II KD during meniscus
development
As stated in the discussion, understanding which cells are targeted by the Gdf5Cre driven NM-II dKO deletion, when the excision occurs, and how many cells are
impacted is imperative for fully understanding both the phenotypes seen in the Myh dKO
mutants as well as confirming why the single NM-II isoform deletions show no overt
changes. As a first pass, we will use microfluidic array-based qPCR analysis (as in
Chapter 3) on isolated menisci, cartilage, and cruciate tissues isolated from control and
mutant P5 knee joint tissues to survey more broadly the gene expression landscape and
potentially detect early transcriptional changes associated with NM-II deletion in situ.
Additionally, we plan to evaluate deletion at the genomic level via PCR at embryonic and
postnatal timepoints, to better understand the timeframe at which gene excision is first
detected in relation to when we first see changes at the transcript level. Finally, homing
in on not only the level of knockdown but also the level of heterogeneity in Myh
expression within resident meniscus cells will require scRNA-seq analysis. Together,
these studies will aid in understanding the transcriptional state of the cells that populate
Myh dKO menisci and augment our interpretation of the observed tissue phenotypes.
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7.7.2: Determination of cell-force generation in NM-II ablated meniscus cells
While we do show profound changes in cytoskeletal organization and cell
arrangement in menisci after deletion of both NM-IIA and NM-IIB, our assessment
cannot yet determine whether we reached our intended goal of decreasing cellgenerated forces within the nascent tissue. Probing for the activation of cellular
mechanosensors (focal adhesions, adherens junctions) and mechanotransducers (e.g.,
YAP/TAZ or MRTF/SRF nuclear translocation) has proven extremely challenging in vivo.
In vitro, we do show reduction in paxillin-rich focal adhesions (FA) and actin disassembly
following exogenous adenoviral Cre delivery to Myh9fl/fl; Myh10fl/fl cells (Figure 7-2,
Appendix C-9)—consistent with a less contractile cell state that is currently being
verified by traction force microscopy. Yet, as highlighted by the divergence in
phenotypes in our in vitro and in vivo models, deletion of NM-II in cells in culture does
not fully recapitulate the in vivo scenario. A possible middle ground between these two
methods may be to assess the force generating ability of endogenous cell population
within mutant menisci through isolation of these cells via digestion, and assessment of
their morphology, FA number and size, traction forces, and NM-II protein levels
immediately after plating. While this type of approach still relies on analysis of cells
outside of their tissue context, characterization of isolated mutant cells within a short
time window following isolation may allow us to discern the mechanobiologic alterations
that exist within Myh dKO menisci at the cell level during different stages of develop and
prior to significant influence from in vitro culture conditions.
These same cell isolation analyses may also be used to more closely assess
resident cells of menisci from the single NM-II deletion mouse line (Gdf5 Cre/wt; Myh9fl/fl or
Gdf5 Cre/wt; Myh10fl/fl). Our in vitro data (as well as the literature) suggested that NM-IIA
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(Myh9) but not NM-IIB was necessary for robust cell spreading and substrate attachment
through FAs, and force generation on homogeneous 2D substrates (Figure 7-2,
(Weißenbruch et al., 2021)). Importantly, double knockdown of both isoforms in culture
phenocopied the NM-IIA knockdown (Figure 7-2). Yet, in vivo, neonatal Gdf5 Cre/wt;
Myh9fl/fl menisci (Myh9 KO) did not show the disruption of the actin-rich cellular
protrusion network that was so markedly seen in Myh dKO mutant menisci (Figure 7-3 b
compared to Figure 7-5 a). Isolation of meniscus cells from the single NM-II and well as
double NM-II isoform deletion lines would allow for a comparison of meniscus cell
properties in these tissues, and comparison of these endogenous cells to ones that
receive exogenous Cre-delivery (adenoviral transduction) as well as Myh knockdown via
RNAi. It may be that while the cellular network isn’t overtly perturbed in Myh9 KO
menisci, the innate ability of resident cells to generate force and the strength or their
adhesions may be altered. Isolating cell from the tissue may be the best way to tease
out this possibility in a way that’s not possible through our histologic analysis. If our
findings reveal that the Gdf5 Cre/wt; Myh9fl/fl meniscus cells have decreased cell-force
generation (as would be expected from the in vitro knockdown experiments), this could
again highlight the possibility that in vivo, cell generated forces can either be
compensated for by other factors (e.g., external forces or NM-IIB), or possibly that a
sufficient number of cells within the menisci retain actomyosin contractility and are able
to compensate for the cells that have had significant NM-IIA knockdown.
7.7.3: Refining the timing and penetrance of NM-II deletion in joint cells
Ultimately, while Gdf5-Cre targeting of NM-II genes did show cell and tissue level
changes within the meniscus and raised exciting questions about what it takes to build a
meniscus tissue, our approach did not have the intended effect of perturbing the
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cytoskeletal organization during the initial stages of cell patterning. As the central
phenotype of P0 mutant meniscus cells is the loss of their actin-rich protrusions, it is
therefore unlikely that the lack of a cytoskeletal phenotype in embryonic tissues (Figure
7-4) is indicative of NM-II being dispensable during cytoskeletal organization. As
discussed above, sufficient time and penetrance of Cre expression may need to be
altered to effectively target the E15.5 interzone population. To attempt to induce myosin
deletion earlier in development, we are currently generating both single (Myh9 or Myh10)
and double Myh knockout lines with the Cre driver Prrx1—an early marker of the lateral
plate mesoderm (Logan et al., 2002). This approach will allow us to target even earlier
precursors of meniscus cells that exist prior to interzone formation—dramatically
increasing the time window for Cre expression and activity. Of course, using an earlier
mesenchymal marker also broadens the range of tissues impacted by the mutation and
could lead to severe impediments in whole hindlimb formation or even lethality,
especially considering the severe alterations we already see in the NM-IIA/B double
deletion using Gdf5-Cre. Alternatively, tamoxifen inducible Cre-expressing (Gdf5-CreER,
Scx-CreER, Prrx1-CreER) mouse models exist and could serve as another potential
avenue to gain more control over the desired timing of Cre expression and gene excision
during the meniscus development time window. However, inducible-Cre models also
exhibit complications related to induction efficiency and penetrance which may similarly
complicate our interpretation of the data.
Incomplete targeting (perhaps due to suboptimal timing) of interzone cells by the
Gdf5-Cre driver may also explain another curious observation of our study—the
apparent lack of phenotype in the cruciate ligaments (ACL, PCL) of Myh DKO mutants at
birth and at postnatal ages (Appendix C-6). These findings suggest that the cells of
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cruciate ligament tissues somehow escape the deletion—a hypothesis we intend to test
by analyzing the excision efficiency (PCR) and Myh9 and Myh10 knockdown (qPCR) in
harvested mutant tissues (as discussed above for the menisci). Given the clear impact
on the menisci in the Myh dKOs, the lack of targeting of the cruciate ligaments is
perplexing, as they are also interzone-derived tissues, and thus considered to be of a
Gdf5-derived lineage (Shwartz et al., 2016). Yet, one of the tell-tale signs of genetic
perturbation in the menisci and articular cartilage tissue was the presence of
multinucleated cells (likely driven by the absence of the Myh10, (Takeda et al., 2003).
This phenotype was not detected in the cruciates—pointing to a lack of genetic targeting,
rather than a potential rescue of the cytoskeletal deficiency in the tissue by other factors.
As we show in Chapter 6, the embryonic timing and attributes of patterning of the
menisci and cruciate ligaments are quite similar, but importantly, their morphogenesis is
reliant on extrinsic muscle contraction forces in markedly different ways. Thus, it would
be interesting to be able to perturb cytoskeletal tension in both the meniscus and
cruciate ligament tissues to see if tissue-specific differences in phenotype are once
again observed. To try to achieve this, we are also generating the same set of Myh
deletions (Myh9fl/fl and/or Myh10fl/fl) in a Scx-Cre line, as Scx has historically been
considered a robust early marker of tendon and ligament tissues, and also is widely
expressed within the meniscus. Scx expression within the knee joint during development
likely has similar timing relative to Gdf5, such that the Scx-Cre approach will
complement the tissue targeting achieved by Gdf5-Cre, allowing for an alternative
method to target a similar cell population while possibly providing more robust Cre
expression and subsequent gene excision (due to variance in Cre expression levels
inherent to different mouse lines). This approach may provide an additional benefit of
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modulating NM-II expression in the ligamentous tissues while leaving the articular
cartilage unperturbed. If we can achieve comparable levels of Myh9 and Myh10
knockdown in both menisci and cruciate ligaments using a Scx-Cre driver, it will be
interesting to observe whether induced changes in the menisci are phenocopied within
the cruciate ligaments.
7.7.4: Analysis of postnatal growth properties in Gdf-Cre Myh dKO mutants
The marked disorganization of P0 Myh dKO meniscus circumferential collagen
network and disruption of actin-rich cellular protrusions is consistent with work from the
Kadler group showing that cells use long cytoplasmic protrusions to extracellularly
deposit collagen fibrils in the correct alignment, and that this process is dependent on
actin polymerization and NM-II activity (Canty et al., 2004, 2006; Kalson et al., 2013). In
the future, it will be interesting to further analyze the nascent matrix structure by serial
block face SEM (SBF-SEM) to examine the nano-scale relationship between the loss of
cellular protrusions and collagen fibril alignment in Myh dKO mutants at a resolution that
cannot be achieved with our current microscopy methods.
Additionally, while we do show that mutant menisci are still able to grow through
fibrous matrix deposition, it is unclear what the quality of matrix is, and how the relative
amount of collagen production per cell compares between control and mutant tissues.
Current work is underway to quantitatively assess the properties of the mutant tissue
matrix through OHP quantification (collagen content), AFM (micro-scale mechanical
properties), and SBF-SEM (nano-scale collagen fibril properties).
Finally, to further expand upon our analysis of postnatal growth, we have also
collected knee joints from 3 month old control and Myh dKO littermates to assess the
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long term impact of the described meniscus changes on overall joint health through
histologic staining and histopathologic scoring. We predict that the meniscus thinning
that is evident by P14 in Myh dKO mutants and persists at P28 (Figures 7-10) and
results in lessened coverage of the tibial plateau, which would likely lead to emergent
pathologic changes at 3 months. Of course, our data also shows that the mutation also
targets articular cartilage of joints, and in particular the most superficial layer (Appendix
C-1, Appendix C-5). This thus makes it difficult to truly deconvolve the origin of the
aberrant changes as they relate to articular cartilage; this could be resolved with the
development of the Scx-Cre mice noted above, which should not target the cartilage .
However, it is interesting to see how prolonged mechanical wear alters the meniscus
itself as well as the surrounding cartilage that it normally shields. In larger mammals,
ageing and possibly degeneration are associated with increase in proteoglycan rich
domains within the circumferential collagen fibers, characterized by rounded cells that
poorly respond to extrinsic application of stretch (Figure 2-3). While it’s unknown what
causes these pockets of cell clusters to emerge, a proposed mechanism by Hellio Le
Graverand and colleagues suggested that it is in fact due to an aberrant loss of cell
connectivity established through long cellular protrusion (due to tissue damage) that
initiates a cascade of cellular changes that leads to aberrant cell rounding and clustering
(Figure 2-4)(Hellio Le Graverand et al., 2001; Hellio Le Graverand et al., 2001). The
mature Myh dKO indeed lack these cellular protrusions and cell connectivity that Le
Graverand et al. suggest as being important to maintain the homeostatic meniscus state.
As we show in Chapter 3, pericellular accumulation of proteoglycan matrix, including the
long cellular protrusions, increases with age during normal murine meniscus maturation
(Figure 3-2), but no cell clustering or proteoglycan-rich “pockets” are observed.
However, in the absence of cellular connectivity (as is clear in the Myh dKO), remaining
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cells may not only adopt a more rounded morphology, but also may increase their
proteoglycan matrix production, as the surrounding matrix is likely to be deficient in its
mechanical properties and thus expose resident cells to heightened mechanical
perturbation. This will be assessed through histological staining of transverse tissue
sections of mature (P28 and 3mo.) Myh dKO and control mice, as well as AFM and SEM
based analysis of the pericellular matrix mechanics and organization.
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CHAPTER 8: SUMMARY AND OUTLOOK
8.1 CONCLUSIONS
What does it take to achieve the functional complexity of the mature meniscus structure?
This was the guiding question that motivated the body of work detailed in this
dissertation. The remarkable fact is that all of the highly specialized design features that
make the meniscus such a mechanically robust tissue—it’s semilunar wedge-shaped
geometry, the highly aligned circumferential fibrillar collagen network, and the
compositional heterogeneity—is established by the collective processes within a cell
mass that begins as a mere disordered mesenchyme. Driven by the dogma of
mechanobiology, this thesis explored the ways in which the physical cues that the
mature tissue is built to withstand, as well as ones generated by the cells themselves,
are instructive to the establishment of the structure.
While there are lots of interesting questions brought up by our results that still
need to be addressed, this work does establish that biophysical cues play a pivotal role
in some of the earliest stages of the meniscus development. We report here (to our
knowledge, for the first time) that in the mouse, as has been reported in chick (Mikic et
al., 2000), extrinsic forces from muscle contraction are in fact necessary for the
meniscus to form. Under unperturbed developmental conditions, we highlight that the
initial circumferential order that is a prominent feature of the mature meniscus ECM
originates from the patterning of the cells themselves, as well as their internal
cytoarchitecture; creating a structural template for subsequent proper matrix alignment.
However, it appears that processes upstream of this critical event are mechanosensitive,
188

as lack of muscle contraction abrogated interzone cell condensation to the point that
alignment and cytoskeletal organization were hard to discern.
What exactly is sensitive to these muscle-generated forces? In our current
understanding, changes imparted through either intrinsic and extrinsic means ultimately
results in alterations in the cellular transcriptional and synthetic profile
(mechanotransduction). Indeed, for the case of embryonic muscle contraction,
researchers have attempted to identify the mechanosensitive molecular pathways
(Roddy, Prendergast and Murphy, 2011; Rolfe et al., 2014), but thus far, the genomewide approach that is likely needed to answer this question has only been done in the
mouse elbow joint (Rolfe et al., 2014), where the response is transcriptionally distinct
from the knee joint, even during unaltered development (Pazin et al., 2012). What’s
interesting is that expression of TGF-b signaling pathway components seems to
distinguish embryonic menisci and cruciate ligament tissues from articular tissues of the
elbow joint, and expression of certain elements of this pathway seems to be sensitive to
mechanical stimulation from muscle contraction, as has been shown during tendon
development (Subramanian et al., 2018). It’s interesting to speculate, then, whether or
not reported differences in this signaling pathway account for the altered response to
abrogation of muscle loading in articulating joints such as the elbow (fusion) versus the
knee (intra-articular tissue malformation). A more in-depth discussion on the topic of
cavitation differences in joints lacking muscle contraction is provided in the next section.
Regardless, our findings that muscle contraction is indeed crucial to formation of fibrous
knee joint tissues bring to light that an evaluation of transcriptional changes within the
knees of muscle-less mice warrants a closer examination. Importantly, our findings
demonstrate that extrinsic forces cause tissue-specific alterations that are not consistent
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between the meniscus and ligamentous tissues such as the cruciates and patellar
tendon (Section 6.5, Section 6.6). This underscores that future analyses must consider
these tissues separately. As we show in Chapter 3, and has been demonstrated by
Pazin et al., methods such as laser-capture microdissection can provide precise isolation
of distinct knee joint tissues, allowing for an effective comparison of all the embryonic
knee joint structure with and without muscle contraction (Pazin et al., 2014). Finally, the
incredible sensitivity of the forming meniscus to embryonic muscle contraction also
suggests that inner-to-outer distinctions in meniscus cell gene signatures that we report
to be evident by birth could in fact be a result of embryonic joint loading, much like the
way that postnatal weight bearing likely drives further cell specialization (Chapter 3).
Indeed, Pazin et al. was the first to note that expression of certain genes appears
regionally segregated in the meniscus as soon as it is formed (Pazin et al., 2012, 2014).
Now, in addition to the current theories of cellular influx (Hyde, Boot-Handford and
Wallis, 2008; Shwartz et al., 2016), and possible cell fate alterations due to timespan of
expression of specification markers (Shwartz et al., 2016), our findings support that
mechanical stimulation may also be a driving force in early cell specialization. As has
been stated, however, the influence of mechanical forces and expression of molecular
factors that ultimately modulate meniscus cellular phenotype are likely coupled through
the mechanism of mechanotransduction.
Whatever the mechanism, our work shows that extrinsic cues guide the process
of cellular organization, a crucial initial step to achieving the proper meniscus geometry
and anisotropic structure. However, we also highlight that the event of the meniscus
patterning itself is quite striking and suggest that while external cues may direct the
process of cell organization, once order is achieved at the cellular level, the subsequent
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assembly of the nascent circumferential ECM structure is mediated by not just extrinsic,
but cell-generated physical cues. As reviewed in Chapter 5, in both tendon and annulus
fibrosus, cellular patterning and actin fibrillation has been demonstrated to engender the
patterned cell mass with enhanced mechanical properties (Schiele et al., 2015) as well
as provide a physical template used to align nascent matrix fibers (Hayes, Benjamin and
Ralphs, 1999; Schiele et al., 2015). We show strikingly similar attributes of meniscus cell
patterning—with high degree of alignment of not just the cells but their actin cytoskeleton
that precedes the presence of aligned collagen matrix (Section 6.3). In the annulus
fibrosus, Hayes et al. also demonstrated that actin fibrillation coincided with presence of
b1 integrins and tropomyosin that co-localized to the areas of aligned fiber bundles,
leading to the hypothesis that cells do not just provide a passive template for matrix
deposition, but rather, actively align the deposited cell fibers through integrin-mediated
matrix adhesion and tensioning via actomyosin contractility (Hayes, Benjamin and
Ralphs, 1999). In fact, targeted deletion of b1 integrins within the knee joint tissues has
been performed, and profoundly affects cellular organization within all zones of cartilage
tissue (Raducanu et al., 2009). Yet, fibrous tissues of the knee joint were never analyzed
in these studies, and thus, it is difficult to confirm whether the mechanism proposed by
Hayes and colleagues could hold true for the meniscus as well. Nevertheless, while we
were not able to establish a reliable method for probing for the presence of such
adhesions or myosin activity in the meniscus, we demonstrate that nascent meniscus
cells have a marked nuclear elongation, that when coupled with the observation of a
highly fibrillar actin network, suggests actomyosin activation and anisotropic cell
tensioning, resulting in engagement and deformation of the cell nuclei (Figure 8-1).
Importantly, our work in generating targeted deletions of non-muscle myosin isoforms
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(NM-II) within knee joint fibrous tissues (Myh dKO, Chapter 7) exemplify critical first
steps in directly assessing the physical regulation of fibrous matrix assembly by cellmediated adhesion and force generation in vivo. We are able to demonstrate that
generation of cellular connectivity within the neonatal tissue is dependent on the
actomyosin network and is necessary for establishment of the initial circumferential
alignment of the nascent fibrous matrix. Our findings echo cell-mediated models of
tendon growth that propose that cellular adhesions provide necessary physical
boundaries that direct the alignment of fibrous matrix and that mechanism by which cell
alignment leads to alignment of collagen fibril deposition is in it of itself a actomyosin
dependent process (Kalson et al., 2013, 2015).

Figure 8-1: Summary of the dynamics of murine meniscus morphogenesis.
Schematic indicating some of the observed findings of meniscus formation. Following
specification at E13.5, interzone circumferentially pattern and align their actin
cytoskeleton creating a nascent cellular template as the joint cavitates. This process
occurs in the presence of muscle contraction and is directed by the muscle forces.
Following cell patterning, fibrillar matrix is rapidly assembled and continues to expand in
the extracellular space. This likely mediated through actomyosin adhesion. Notably, this
period of embryonic growth also occurs in the presence of joint motion, which may
continue to act to direct the specialization of inner and outer meniscus cell phenotypes
and establish regional differences in cell composition seen at birth.
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The results of our Myh dKO mutant analysis also underscore an interesting and
important point that must be taken into account when studying the process that fibrous
tissue formation: not only do extrinsic and intrinsic cues co-exist during the process of
tissue development, but the timing of integration of these physical (as well as molecular)
factors by cells is crucial in the resultant cellular output. As we discuss in Section 7.6,
while our Myh dKO model perturbed the cellular cytoarchitecture within the meniscus at
birth, the NM-II depletion and subsequent phenotype was not achieved until after initial
cellular patterning and actin fibrillation—the point during which, at least according to
Hayes et al., cells likely generate tension and pull the matrix into alignment (Hayes,
Benjamin and Ralphs, 1999). Based on our observations of the Myh dKO mutants, it is
clear that though there’s a cellular deficit and a clear matrix alignment defect at birth, the
key step of cell patterning and initial matrix deposition remained unperturbed.
Remarkably, what this (admittedly unintended) delay in the timing of the induced deletion
was able to show is that the cell template established at cavitation was enough to
maintain a semblance of the correct tissue architecture, even if cell adhesion was
severely perturbed shortly after. Furthermore, during postnatal growth, the matrix
alignment deficits were also somewhat corrected, possibly by external load application.
Thus, these results beg the question—when, if ever, is cell tension necessary?
What we observe during unperturbed development is that following E15.5
(cavitation), at which stage there is a step increase in the cellular nuclear elongation,
there is a gradual relaxation and rounding of the cell nuclear shape (Section 6.4), which
is coincident with increased abundance of fibrillar matrix and actin re-arrangement away
from a purely fibrillar state. What we propose in Chapter 6 is that this is evidence of a
gradual ‘detensioning’ of the cells following cavitation, as the cellular template is
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replaced by a collagenous one. That is, while cells are the main structural component of
the tissue at the time of its formation, their role is eventually replaced by the increasingly
robust and assembled fibrillar collagen network, such that cells no longer need to pull on
the dispersed matrix to achieve material cohesion, and thus, relax their tension. If this
mechanism is correct, our results from the Myh dKO work underscore that this
replacement of cellular contribution to the physical tissue structure by the matrix
contribution is even more rapid than we appreciated from our characterization of normal
meniscus development and growth. It would seem that that as long as the organization
and alignment of the initial collagen fibrils is achieved and further matrix synthesis and
deposition occurs during the immediate timeframe following cavitation, the physical cues
from cellular adhesion and force generation can be overridden, possibly through
extrinsic physical cues. In fact, our findings in muscle mutant mice suggest that
patterning and proper tissue morphogenesis indeed seems to be a balance between
cell-generated and extrinsic physical inputs. Specifically, unlike the menisci (which
dissociated), we saw that the cruciate ligaments and patellar tendon of the knee still
formed but contained abnormally highly elongated nuclei that suggested that the cell of
these tissues were hypercontractile in the absence of external stimuli from muscle
contraction. While cell patterning and tissue formation proceeded in this case, the fibrillar
matrix and the resultant tissues seemed significantly diminished upon subsequent
embryonic growth. As discussed in Chapter 6, these results could signify that cells align
and maintain a certain tension setpoint through activation of actomyosin contractility,
possibly in resistance to extrinsically applied joint forces. Hence, lack of resistance to the
cell generated tension (due to muscle contraction abrogation), causes a feed-forward
loop as cells try to establish the setpoint, resulting in aberrant hypercontraction and
tissue shredding. Additionally, this aberrant cell tensioning that we see in the
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ligamentous tissues in muscle mutant mice is not what we see in the menisci (where the
cells disintegrate), suggesting that this may be another instance of when the timing
during which the alteration to the environment is made has a profound impact on the
type of observed response. Perhaps muscle contraction initiates at a point within knee
joint development at which the interzone is already regionally distinct, and cruciate
ligaments cell precursors are further in their differentiation process than those of the
menisci. Thus, these two cell populations may have a different mechanoresponsivity,
resulting in the dissociation of one cell population (menisci) but a successful patterning
of the other (cruciate ligaments).
Of course, until we are able to perturb cell adhesion and tension during the
stages of patterning in a controlled manner, much of the above discussion remains
speculative. As discussed in Chapter 7, doing so in vivo requires selection of other Cre
drivers that are able to induce NM-II excision in meniscus cells at an earlier time in
development. Compensation the NM-IIA and NM-IIB isoforms also required us to
produce a double-deletion, which had unwanted cell proliferation deficits. Thus, perhaps
this line of questioning can be pursued by targeting other members of the actomyosin
network, such as pFAK or N-Cadherin. Alternatively, the question of the relative
contribution of cell tension to the tissue formation process may be better tested in a
more controlled environment, such as the embryonic tendon mimics described by the
Kadler group (Bayer et al., 2010; Kalson et al., 2011). By using an in vitro system, we
can begin to ask interesting and important questions regarding how many cells within a
population need to actively engage and contract to assemble a nascent tissue, and at
which point in the tissue assembly process does this cell generated physical cue matter.
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Finally, the fact that postnatally, meniscus cells continue to build the tissue in an
incredibly mechanically active environment is notable. Like others that have speculated
that ECM heterogeneity is the result of mechanical influence due to load bearing, we see
further regional specialization of cell gene signatures with age. Crucially, in having
established coordinate spatiotemporal measures of both cellular phenotype and the
tissue and matrix-level structure profiles with postnatal growth, we can finally directly
probe the role of gait-generated forces on meniscus biology and matrix specialization by
surgically altering and reducing weight bearing through sciatic nerve resection (see
section 3.8.1.1). Interestingly, our post-natal analysis of meniscus growth in Myh dKO
mutants suggests a role for the resultant tissue forces from weight bearing as mediators
for collagen fibers alignment during postnatal maturation. We show that during normal
development and growth, circumferential alignment of the meniscus ECM is established
by birth via a cellular template, and rapidly builds upon itself thereafter (Chapter 6).
However, even when the establishment of the nascent organization is severely
perturbed, as is the case in Myh dKO mutants, matrix alignment is re-established with
age—indicating that something about the postnatal growth environment is able to correct
the initial structural deficit. Indeed, this concept is consistent with what is seen in large
animals, wherein the matrix structure appears much more disorganized, but achieves
the more marked stereotypic circumferential alignment with maturation (Qu et al., 2018).
With the use of the sciatic nerve resection model, we can now more directly test whether
gait-generated forces act to align the fibrous matrix postnatally, by altering the weight
bearing of Myh dKO joints and assessing whether the disorganization of the collagen
fibers seen at birth persists into maturity without active loading.
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Together, this work opens avenues for further exploration of the mechanism behind
mechano-regulation of meniscus (and knee joint) development. Additionally, our work
raises some broader questions, which perhaps cannot immediately be addressed with
the tools are resources that were used in the scope of work of this thesis. However, they
are fascinating to consider and are discussed in the following section.
8.2 LINGERING QUESTIONS
Why doesn’t the mouse knee undergo fusion in the absence of muscle contraction
forces?
Joint fusion seems to be the consistent phenotype observed in the development
of other articulating joints in both mouse and chick upon loss of muscle contraction
forces. While we do show that muscle contraction forces have an impact on knee joint
formation in the mouse, we do not quite resolve the dichotomy between the mouse and
chick knee joint models for studying the role of muscle contraction forces on
morphogenesis. In the chick, the knee joint phenotype upon immobilization matches
what is seem in other joints—the interzone population is not maintained—resulting in
dissociation of the condensed intra-articular fibrous structures (meniscus, cruciates) and
aberrant chondrogenesis, which leads to fusion. In our work with mdg and Spd mice, we
consistently saw the loss of meniscal (but not cruciate) condensates, just as observed in
the chick. However, even at the later developmental timepoints, clear tissue boundaries
were maintained between the femur and tibia, with no signs of fusion. Of course, a
number of species-specific divergences in phenotypes exist in reponse to a variety of
perturbations, and very well may explain this phenomenon. Given the consistency
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between the mouse and chick data for other joints, however, this question is worth
dwelling on.
One potential explanation, first proposed by Drachmann and Sokoloff, is that
experimental eggs in culture are isolated and unperturbed, such that paralysis of the
developing animal completely eliminates any motion within the egg (Drachman and
Sokoloff, 1966). By contrast, even though skeletal muscle mutants completely lack
muscle function and don’t move, the embryos are still subject to external motion from the
movement of the mother, as well as potentially from neighboring non-mutant littermates.
Hence, perhaps, it is the residual motion that is able to preserve mouse knee joint
cavitation. A similar line of reasoning could be used to also explain why our data in mdg
and Spd mouse mutants shows that posterior portions of the menisci don’t seem to
completely dissociate in the absence of joint motion. Considering potential residual
motion, the degree of embryonic knee flexion, and the fact that it has been reported that
at high degree of flexion, the posterior horn bears the highest portion of the shear loads
(Walker et al., 2015), it may be that the posterior portion of the knee joint receives just
enough external physical stimuli to preserve the meniscal condensation. This would be
somewhat consistent with findings in the chick that suggest that after cavitation, rigid, but
not flaccid, paralysis is able to partially retain some knee structure—likely as a result of
residual tension from the constitutively contracted muscle (Osborne et al., 2002).
Alternatively, the inconsistent phenotype between chick and mouse could be
explained by differences in the mechanism of joint cavitation itself, which is still an active
area of study. While the end result of cavitation (i.e., the formation for a synovial cavity)
is ultimately the same in all joints, the process by which it happens has been noted to be
slightly different. For example, for smaller articulating joints, such as the digit joints,
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cavitation involves apoptosis of some of the interzone cells, creating the joint space.
However, it’s been noted that this does not seem to be the case for large joints such as
the knee or elbow. Perhaps, however, there are more fine distinctions between the
process of cavitation between the knee and some of the other large joints that has not
been yet elucidated, which results in the altered behavior of these structure upon loss of
muscle contraction.
What drives the organization of interzone cells into a wedge shape and circumferential
geometry?
The two most notable features of the meniscus are its wedge-shaped geometry
and its circumferential fiber alignment. As reviewed in Chapter 2, these features are
imperative for proper mechanical function of the mature tissue. Work tracing the lineage
of Gdf5 cells within the knee has provided strong evidence that its expression indeed
specifies meniscus cell precursors. Yet, while achieving the proper fate is certainly
imperative to ultimate tissue function, it does not appear that anything about Gdf5
expression engenders interzone cells with the positional information that is necessary to
achieve the correct geometry and alignment during the process that precedes cavitation.
As mentioned in Chapter 5, in discussing the work conducted on the development of the
intervertebral disc, Hayes et al. noted that striking lamellar alignment and actin fibrillation
of developing annulus fibrosus cells could only be discerned after a characteristic bulge
of the inner nucleus pulpous (Figure 5-3 a), leading to the suggestion that hydrostatic
pressure from the surrounding tissue may cause alignment (and possibly differentiation)
of annulus fibrosus cells (Hayes, Benjamin and Ralphs, 1999). Indeed, much like the
annulus fibrosus, we show that patterning of the interzone cells in the location of the
menisci includes fibrillar actin organization and happens rather rapidly (Section 6.3).
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Unlike the disc, however, there is no discrete stage during knee joint growth in which a
stark change in shape is discernable. Nonetheless throughout the course of
development, the condensing interzone is constantly flanked by the expansion of the
femoral and tibial cartilages, which appear to acquire a more distinct, concave shape
(especially the femoral condyle, (Roddy et al., 2011)). Amazingly, Fell and Canti noted
this in 1934, positing that joint formation may be a mechanical result of the adjacent
chondrification centers that may produce a joint by compressing the intervening tissues
(Fell and Canti, 1934). Thus, could it be that growth generated pressures from the femur
and tibia compress the interzone, generating internal patterns of stress or strain that is
sensed by the cells and used as a cue to drive circumferential alignment? This remains
an open question.
Perhaps some evidence of this can be inferred from the results of the skeletal
muscle mutant analysis. As discussed in Chapter 4, Roddy et al. have previously
reported that muscle contraction modulates the shape of the joints, possibly due to
alteration in regional cell-based expansion (Roddy et al., 2011; Roddy, Prendergast and
Murphy, 2011). In our analysis of mdg and Spd mice (Section 6.5), we see that by the
stage of cavitation, there is already loss of the meniscus. This is accompanied by
flattening of the femoral condyles and tibial surfaces, much like what is seen in adult
joints when menisci are removed by meniscectomy. The concurrent shape change of the
articulating surfaces with the diminishment of the meniscus tissue perhaps suggests that
there is a reciprocal physical interaction (or “squeezing” as Fell called it) between the
interzone/nascent meniscus tissue and the cartilage rudiments during development,
such that without the tissue to resist the cartilaginous growth, the two surfaces grow
against each other and flatten. This would implicate that there are growth generated
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stresses within the interzone as it’s impinged, perhaps establishing strain patterns that
are dictate the pattern of cell alignment. Computational modeling could be a useful tool
to explore the possibility.
Interestingly, the idea that meniscus shape could be established (at least in part)
by an impingement mechanism from the growth of the surrounding tissues is supported
by presence of wedge-shaped intra-articular structures in other joints. While these do not
appear to be load bearing or functional in the way the meniscus is, both facet joints and
phalangeal joints contain wedge-like tissues within the joint cavity. In the facet joint,
these have been described as fibro-adipogenic in nature, while in the phalangeal joints,
some have described them as ‘synovial folds.’ Regardless of the make-up, their
positioning and structure is strikingly similar: they lie on the outer periphery of the joint
capsule and wedged in between articulating surfaces. It’s unclear if any circumferential
like organization exits in these tissues. However, the repeated appearance of these
seemingly residual wedge-shaped structures across the body implies that part of the
mechanism by which the meniscus is formed could be due to impingement and
constriction of cell populations between the expanding rudiments. This would also imply
that the cellular makeup of the tissue that forms is not as defined but rather is a
combination of cells that got “trapped” between the structures. Such a scenario could
also offer an alternative explanation for why meniscus cells at the outer boundary of the
tissue appear to be distinct (at least by gene expression), even right after cavitation
(Pazin et al., 2012, 2014). Perhaps this is not due to alternate mechanical stimulation
from muscle contraction, nor a true ‘influx’ of cells from the periphery (Shwartz et al.,
2016), but rather is simply due to a cell mass bring ‘captured’ between the forming
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rudiments—consisting of both true interzone cells, as well as cells from the interzone
periphery.
It’s also notable that even though the expansion of the femur and tibia persists
throughout knee development, thus presumably continuously imparting growing
constriction on the interzone, we show that robust circumferential organization of the
interzone cells is established very rapidly prior to cavitation. Thus, other factors must be
at play to trigger the patterning event. Our analysis of the skeletal muscle mutant joints
demonstrates that extrinsic muscle contraction forces are also necessary for tissue
formation. Thus, perhaps extrinsic forces from muscle contraction, combined with the
molecular signaling (e.g., Gdf5) act to push interzone cells within the meniscus towards
a more differentiated state, in which cells activate the use of their molecular
mechanosensing machinery and can further probe the microenvironment. Perhaps it’s
not until this fate determination step can happen that the late-stage-interzone cells can
sense and respond to the presented strain fields and respond by adhering and aligning
appropriately. Again, as discussed in the previous segment, the timing at which these
cues emerge and are sensed is likely critical to achieving proper form. However, there is
some suggestion that boundary constraints and growth generated forces from the femur
and tibia may contribute to meniscus formation and this warrants further investigation.
8.3 FINAL OUTLOOK
In virtually any tissue field, the study of development has been heralded as a path
towards a holistic understanding of tissue function, emergence of congenital defects and
disease, and providing a means by which to infer design principles to inform
regeneration through autologous or tissue engineered means. This thesis was motivated
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by the belief that the same holds true in the case of fibrous load bearing tissues like the
meniscus. What we hope to convey is that the process of meniscus formation and
maturation is an incredibly dynamic one, and sensitive to not only molecular features of
endogenous cells, but an array of physical inputs. In a way, the physical nature of knee
joint development as a whole has been appreciated since the late 1800s. Yet, with our
ever-increasing understanding of mechanisms that guide perception and response to
physical inputs on the cellular level, and aided by an expanding high throughput
molecular and imaging toolkit, we are entering an era in which the observations
described over a century ago can start to be deciphered on a mechanistic level. We
have come a long way in understanding the molecular regulation of fibrous tissue
formation. Yet, especially for the meniscus, we hope that this thesis brings to light that
some of the long-standing conundrums raised by previous work regarding how the tissue
forms and matures, and that these questions may be resolved through further
consideration of biophysical regulation—be it cell generated, growth mediated, of
extrinsic. Ultimately, we hope that we have restarted the conversation of meniscus
morphogenesis through ‘mechanical means’ and raised interesting questions that inspire
others and fuels future work in the field.
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APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 3

Appendix A-1: List of genes used for the Fluidigm gene expression analysis panel
discussed in Fig. 3-3 and Fig. 3-4. Colored tabs indicate gene categories. HK:
housekeeping, TFs: transcription factors. ThermoFisher Assay ID for each Taqman probe
(primer) is listed in parentheses. Red asterisks indicate genes that were excluded based
on extremely low Ct values (18S), indicating saturation of signal with pre-amplification, or
genes for which more than 25% of samples contained inconclusive readouts (Acta2,
Adamts5, Cdh3, Habp2).
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Appendix A-2: a) A more detailed annotation of meniscus growth measures, including
segmentation of inner and outer meniscus area, and calculation of tibial length (TL) and
percent tibial coverage by the meniscus. b) Areas of the inner and outer halves of the
meniscus (as defined in panel a) with age. Total area (red line) from Fig.3-1 plotted for
reference. Mean ± sd shown. c) Coronal length and height of meniscus sections with age
showing a lengthening of the tissue. d) Total length of the medial tibial plateau with age.
Mean ± sd shown.

Appendix A-3: a) P7 serial sections stained for proteoglycans and nuclei (AB/NFR) or
proteoglycans and fibrous matrix components (AB/PSR). Black arrowhead points to
accumulation of proteoglycans in the inner region. Scale bar: 50µm. b) Serial sections of
those shown in Fig. 3-2a, stained with Toluidine Blue (PGs in purple, nuclei in blue) or
Safranin-O/Fast Green (PGs in red, fibrous matrix in green) as alternative indicators of
proteoglycan-rich matrix. Inner region proteoglycan accumulation at P0 was detected by
both stains. Pericellular accumulation at P14 and P28 could be confirmed via Toluidine
Blue, but was not seen by Saf-O, indicating a difference in dye sensitivities. Scale bar:
50µm. c) SHG imaging (grey) with nuclear counterstain (magenta) of coronal meniscus
body sections, as in Fig. 3-2b. Laser intensities/imaging acquisition settings were kept
constant between ages to show progressive aligned matrix accumulation through an
increase in SHG signal. Scale bar: 100µm. d) Maximum intensity projections through
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30µm depth of a P7 (top, white outline denotes tissue boundary) and P28 (bottom)
explanted meniscus imaged with the same acquisition settings (laser, gain, etc) to show
the difference in SHG signal between the two samples. Scale bar: 50µm. e) Single plane
SHG images from P7 and P21 menisci showing examples of fibrous lacunar structures in
which cells reside (red arrowheads, cells not shown). Imaging settings were modified
between the two ages due to large difference in SHG signal intensity. Scale bar: 10µm.

Appendix A-4: ∆Ct values of selected genes with the lowest (a) and highest (b) PC1
scores (as shown in Fig. 3-3c) for articular cartilage (AC), inner meniscus (IM), outer
meniscus (OM), and MCL at P0, P14, and P28. c) Same gene expression data for an
additional pair of canonical cartilage genes: Prg4 (Lubricin), and Acan (Aggrecan).
Statistical differences determined by Kruskal-Wallis Test with Dunn’s multiple
comparison test: *: p<0.05; **: p<0.01. Dashed lines indicate trends towards significance.

206

Appendix A-5: a) The full gene expression heatmap, showing clustering analysis as in
Fig.3-3, as well as the entire analyzed gene panel. b) ClustVis cluster analysis performed
at individual timepoints (P0, P14, P28), highlighting age-specific differences in tissue
gene signatures. Genes on the heatmap represent the 3 highest and lowest PC1 loading
scores based on PCA performed at each timepoint. The dashed vertical lines in a,b
indicate the split of samples based on first clustering event (as in Fig. 3-3d).

Appendix A-6: Paired gene expression (∆Ct) for Mmp13, Adamts4, Dcn, and Tnmd in the
inner and outer meniscus (IM, OM) at P0, P14, and P28, with grey lines connecting
samples from the same biologic replicate. Black line indicates mean value. Select genes
show examples of gene expression patterns: heightened expression in the IM vs. OM
throughout maturation (Mmp13), expression enrichment in the OM evident at P0 that
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either lessens (Adamts4) or persists (Dcn) with maturation and decrease in expression in
the IM with age (Tnmd).

Appendix A-7: a) Representative coronal sections of the horn (top) and body (bottom)
location within the meniscus acquired through serial sectioning of a P0, P14, and P28
meniscus. Nodules high in Col2 reporter expression can be seen in the horn from birth,
and these regions undergo hypertrophy and ossification by P28, and seen by the Col10
reporter signal. For visualization, fluorescence intensity LUTs were not kept constant
between images of different ages. Scale bar: 50 𝜇m. b) Representative images from the
horn and body regions of 3 other transgenic mouse models: Dkk3-GFP (P14 sample),
Scx-GFP (P21 sample), and Col6a1-GFP (P23 sample), demonstrating the potential utility
of other fluorescent reporter lines in marking subpopulations within the meniscus. Cell
nuclei are counterstained in magenta.
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Appendix A-8: a) Inner and outer region Col1/Col2 reporter co-expression plots (as in Fig.
3-7), for all timepoints from P0-P28. b) Violin plots showing the distribution of measured
Col1-YFP fluorescence intensities in cells of the inner and outer meniscus regions from
E17.5-P28. Black dots indicate the median value. c) Example co-expression plots for a
Col1 positive control tissue (MCL) and Col2 positive control tissue (articular cartilage).
Expression of CFP in the MCL and YFP in the cartilage was assumed to be background,
and these values were used to create gating criteria (red lines, P28 plot) to divide
meniscus cells into the ‘Negative’, ‘CFP+’,’YFP+’, and ‘CFP+;YFP+’ populations. d)
Percent of cells in the inner (0-0.33), middle (0.33-0.66), or outer (0.66-1) third of the
meniscus that fit into one of the 4 categories in c). Data here is pooled for the 3 biological
replicates, for ease of visualization. Differences in percentages between the inner and
outer groups for each category is quantified in Fig. 3-7.
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Appendix A-9: Evaluation of regional meniscus matrix mechanics at E15.5, P7 and P21 via
AFM nano-indentation of 30µm fresh tissue coronal cryosections. IZ: E15.5 embryonic
interzone, the meniscus precursor region. I: inner meniscus. O: outer meniscus. A 0.1N/m
stiffness cantilever with R=10µm spherical tip and an indentation rate of 10µm/s was
used. Meniscus regions were distinguished through brightfield illumination and camera
on the AFM instrument (Bruker). n=3 animals/age. Mean±95% CI displayed. *: p<0.05 by
one-way ANOVA with Bonferroni post-hoc.

Appendix A-10: Visualization of nascent protein deposition through FUNCAT labeling. a)
Incorporation of the methionine analog AHA into proteins of embryonic and mature
tissues following 2 daily injections of 0.1mg/g AHA. Fluorophore-labeled alkyne was used
for detection of AHA in tissue lysates and resolved by SDS-PAGE (adapted from Calve et
al., 2016). b) Attempt to detect nascent proteins within P16 and P25 knee joint tissues
24hrs. after a single IP injection of 0.1 mg/g AHA. Knees were formalin fixed,
cryosectioned (8µm), and stained using either AlexaFluor488 alkyne (Top: ‘CuClick488’:
ThermoFisher Cat# A10267 in conjunction with the CLICK-IT Cell Reaction Kit,
ThermoFisher Cat# C10269) or DBCO-488 (Bottom: Click Chemistry Tools Cat# 1190-5).
Controls are formalin fixed, cryosectioned P28 knee joint tissues that were not injected
with AHA. High background of fluorescent staining observed in the control tissues.
Concentrations of labeling reagents and staining protocol adapted were adapted from
Loebel et al., 2020).
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Appendix A-11: Calcium imaging of live fibrous murine tissues. a) Multiphoton imaging of
isolated P21 tails tendons stained for 1hr. in 15µM Cal-520 AM calcium indicator (AAT
Bioquest, Cat# 21130), and counterstained for 10 min. with 4µM Ethidium Homodimer
(EthD, ThermoFisher, Cat# L3224) to stain for dead cells. ROIs for individual cells were
then established in ImageJ, and average intensity within the ROIs within each imaging
frame (60 total) were calculated to create calcium traces within each cell. Red traces
highlight transients from cells that underwent spontaneous calcium oscillations. b) Low
magnification SHG image (acquired by multiphoton) of P5 tibial plateau with the
meniscus indicated in the white dotted outline. Lower panels show high-magnification
images of the meniscus, showing robust Cal-520 AM staining, and lack of cell death in the
bulk of the meniscus tissue. No spontaneous calcium oscillation was observed during
imaging.
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APPENDIX B: SUPPLEMENTARY FIGURES FOR CHAPTER 6

Appendix B-1: Cell organization in the E14.5 knee joint. a) Sagittal E14.5 knee joint
sections in the lateral (left) and more medial (right) part of the interzone. NC:
neocartilage; IZ: interzone; PT: Patella/patellar tendon region. Gaps devoid of cells are
sectioning artifact or areas of tissue detachment during staining. DKK3-GFP reporter
mouse knee joints were used given the specific expression of DKK3 within the interzone
region. SB: 100µm. b) Maximum projections of confocal z-stacks (60X magnification) of
IZ, NC, and PT regions of the knee joint stained for nuclei (grey), actin (green) and Lamin
A/C (cyan). SB: 20µm. While beginnings of actin fibrillation can be observed in the PT
region, IZ and NC cell cytoskeleton had no clear organization, and all tissue regions
lacked the Lamin A/C nuclear envelope enrichment that was clearly identifiable at E15.5
(Fig. 6-4).
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Appendix B-2: Actin organization and fibrous matrix presence in the embryonic patellar
tendon and cruciate ligaments. Actin (top) and SHG (bottom) imaging of sagittal E15.5
(left) and E17.5 (right) embryonic knee sections through the region of the joint containing
the cruciate ligament (cl) and patellar tendon (PT). SHG signal at E17.5 indicates presence
of fibrillar collagen.

Appendix B-3: In situ hybridization of Lmna (Lamin A/C) expression in embryonic and
neonatal knee joints. Representative coronal sections of the medial meniscus body of
E17.5, P0, P14, P28 knee joints probed for Lmna expression via RNAscope.
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Appendix 2-4: Confirmation of patellar fusion in mdg and Spd mouse mutants. Sagittal
sections of WT and mutant littermates for the mdg line at TS24 and TS27 and the Spd line
at TS27. Full white arrowheads in WT images point to the patella, fully detached from the
femoral head. White asterisk denotes a sectioning artifact. Empty white arrowheads in
mutant images show a condensed patella that is fully fused to the femoral head.
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Appendix B-5: Supplemental material for Fig. 6-5. Coronal nuclear stained sections from
the anterior horn, body and posterior horn of medial and lateral nascent meniscus
regions (yellow outlines) at TS24 and TS27. Empty white arrowheads show reduced
(TS24) and absent (TS27) cell condensation in the anterior horn regions of medial and
lateral mdg menisci. Full white arrowheads denote preservation of the posterior horn
condensation in the mdg mutants. Together, this points to a gradient of morphologic
severity in mdg menisci (schematic).

Appendix B-6: Supplementary NAR data for Figure 6-8. a) Representative images of cell
nuclei of TS27 control and mdg mutant tissues). Scale: 5µm. b) Compilation of NAR data
from Fig. 6- 7 and 6-8 showing nuclear elongation distributions across nuclei of different
tissues, at TS24 and TS27. Median with 5-95% CI shown. n>50 nuclei for TS24 samples,
n>20 nuclei for TS27 samples. Statistical comparisons for each age done in Fig. 6-7 and
6-8.
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Appendix B-7: Supplementary images for Figure 6-8. a) Representative maximum
projection SHG images of TS27 mdg control and mutant joints imaged in the sagittal view
within the region of the PCL and patellar tendon. Lower panels show high magnification
of regions outlined in yellow boxes. Scale: 20µm. b) Representative sagittal sections of 2
TS27 Spd mutant littermates within the region of the knee joint of cruciate ligaments and
patellar tendon. Yellow arrowhead demarcates presence of ectopic ligament, like what’s
shown for mdg mutants in Fig. and 6-8. c) Maximum projection SHG images of TS27
control and Spd tissues. Scale: 10µm.
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APPENDIX C: SUPPLEMENTAL FIGURES FOR CHAPTER 7

Appendix C-1 Actin organization in cartilage of P0 Gdf5Cre/wt; Myh9f/f; Myh10f/f joint
tissues. Articular cartilage (top row, zoom-in middle row) and growth plate cartilage
(bottom row) of a P0 joint from a control and 2 mutant littermates. Scale: 20µm, 5µm for
zoom-in. White arrowheads denote multinucleated cells in the superficial zone of the
articular cartilage.
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Appendix C-2. Lamin A/C nuclear localization in Gdf5Cre/wt; Myh9f/f; Myh10f/f joint tissues at
P0 and P14. a) Coronal sections of P0 medial menisci from a control and two mutant
littermates. Right column displays the filamentous actin and nuclei, and the left column
shows Lamin A/C immunofluorescence for the same section. b) P14 coronal sections of
medial menisci for a control and a Myh dKO littermate pair.

Appendix C-3: TUNEL staining of P0 and P28 Gdf5Cre/wt; Myh9f/f; Myh10f/f knee joint
tissues. TUNEL staining (yellow) of control and mutant knee joint sagittal sections at P0
and P28 to probe for levels of cell death through apoptosis. Note the presence of positive
staining in the marrow at P28, consistent with high cell turnover in that region. The
meniscus body (white outline) is devoid of TUNEL staining at both P0 and P28. P0 scale:
100µm. P28 scale: 200µm.

218

Appendix C-4: Proliferation in P28 Gdf5Cre/wt; Myh9f/f; Myh10f/f knee joint tissues. EdU
stained sagittal sections of a P28 control and 2 mutant littermates showing the lateral
meniscus horn regions and the surrounding femoral and tibial cartilage/bone marrow.
Meniscus horns outlined in yellow. No proliferation is seen in either control or mutant
meniscus or articular cartilage tissues at this time point. Expected proliferation within the
tibial growth plate and bone marrow can be seen (white arrowheads).

Appendix C-5: Cell organization and matrix structure in P28 articular cartilage of
Gdf5Cre/wt; Myh9f/f; Myh10f/f knees. Sagittal tissue sections of a P28 control (top) and 2
mutant littermates (bottom) stained for nuclei and actin (left) or imaged by SHG (same
tissue section, right). Region of interest shows articular cartilage near where the lateral
meniscus coverage of the AC ends. Right-most column is a higher resolution SHG image
showing increases in SHG intensity localized to pericellular regions of chondrocytes in
mutant tissue (yellow arrowheads).
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Appendix C-6: Lack of discernable cell, actin, or matrix organization defects in Gdf5Cre/wt;
Myh9f/f; Myh10f/f cruciate ligaments and patellar tendon. a) Confocal images of patellar
tendon (PT) and anterior cruciate ligament (ACL) of P0 knee joints from a control and 2
mutant littermates. Scale: 20µm. b) SHG imaging of the same ACL shown in a)
demonstrating fibrillar collagen matrix alignment. Scale: 100µm. c) P28 ACL tissue of
control and two mutant littermate Myh dKO samples. Actin (green) and nuclei (magenta).
Middle row shows zoom-in of top row panels. Bottom row: SHG imaging of fibrous matrix
of the same sections shown in the top 2 rows.
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Appendix C-7: Validation of Myh RNAi KD strategy/timeline in the ATDC5 cell line. ΔCt
(relative to 18S) (a) and ΔΔ Ct (relative to siControl) (b) for Myh9 and Myh10 following 96
hrs of knockdown through RNAi using the indicated siRNAs. 3 different primer pairs were
used to validate gene knockdown (see Appendix E for probe details). c) Western blot
showing protein levels of NM-IIA and NM-IIB in cells following 96 hours of knockdown
using the indicated siRNAs. Tubulin lanes immediately below each blot are presented as
loading controls.
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Appendix C-8: Validation of Myh KD through adenoviral Cre-recombinase delivery and
excision in Myh9f/f; Myh10f/f tendon fibroblasts. a) ΔCt values of Myh9 and Myh10
(relative to 18S) in cells 48 or 96 hrs following adenoviral transduction with either an
empty or a Cre containing vector. Numbers on graph represent the ΔΔ Ct values at each
timepoint for each gene between the Cre and Empty condition. b) Western blot showing
protein levels of NM-IIA and NM-IIB in transduced cells 48 and 96 hours post infection.
Tubulin lanes immediately below each blot show loading controls.

Appendix C-9: Myh KD in Myh9f/f; Myh10f/f tail tendon fibroblasts through adenoviral Cre
delivery. a) Actin organization and paxillin staining in cells expressing either an empty
vector or Cre recombinase 96 hrs. post adenoviral transduction. Last column is a high
magnification of representative cells from each group showing co-staining with paxillin
(white, focal adhesions), and actin (cyan). b) High magnification views of single cells from
a) stained for NM-IIA (cyan) and NM-IIB (white).
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Appendix C-10: Cell division in cultured Myh9f/f; Myh10f/f primary tail tendon fibroblasts
following NM-II knockdown via RNAi. Percent of EdU positive-stained cells per indicated
condition. EdU was added to cells 24 hours prior to experimental termination (72 hours
after initiation of treatment). Bar graphs represent percent of cells positive for EdU
staining based on 800-2000 cells analyzed across the entire coverslip for each condition.
No error bars are shown, as this graph is representative of one experiment.
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APPENDIX D: REAGENT LIST
Reagent
name/type

Target

Species

Vendor

Catalog#/PN

Application

Ready-touse
Proteinase
K

Agilent/Dako

S302080-2

Antigen
retrieval of
formalin-fixed
cryosections

Normal
Goat Serum
(NGS)

Cell Signaling
Technology

5425S

IF blocking

T8787

0.1% solution
in PBS for
cell/tissue
permeabilizatio
n

MA535284

Fixed tissue IF
(1;100)-nonspecific
staining

ab133256

Fixed tissue IF
(1;200)-nuclear
envelope
staining

TritonX-100

Millipore Sigma

Antibody
(primary)

Life
Technologies

Antibody
(primary)

Lamin A/C

Lamin A/C

rabbit

rabbit

Abcam

Antibody
(primary)

Lamin B1

rabbit

Abcam

ab16048

Fixed tissue IF
(1:200)-nuclear
envelope
staining

Antibody
(primary)

Collagen-II

mouse

Abcam

185430

Fixed tissue IF
(1:200)

Antibody
(primary)

Collagen-I

goat

EMD Millipore

AB758

Unfixed tissue
IF (1:200)

Antibody
(primary)

Tubulin

rabbit

Abcam

18251

Western
blotting
(1:2000)

Antibody
(primary)

NM-IIA

rabbit

Abcam

238131

Western
blotting
(1:2000)
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Antibody
(primary)

Antibody
(primary)

NM-IIA

NM-IIA

mouse

rabbit

Abcam

BioLegend

ab55456

cell IF (1:500),
Fixed/unfixed
tissue IF
(1:200,
nonspecific
staining)

909802

Western
blotting
(1:2000), cell
IF (1:500),
Fixed/unfixed
tissue IF
(1:200,
nonspecific
staining)

Antibody
(primary)

NM-IIB

rabbit

BioLegend

909902

Western
blotting
(1:2000), cell
IF (1:500),
Fixed/unfixed
tissue IF
(1:200,
nonspecific
staining)

Antibody
(primary)

Paxillin

mouse

BD Biosciences

610052

Cell IF (1:500)

ab4051

unfixed tissue
IF (1:100)-no
staining in
knee joint
tissues

81299

Fixed tissue IF
(1:100),
unfixed tissue
IF (1:100)-nonspecific
staining in
knee joint
tissues

ab76011

Fixed tissue IF
(1:100),
unfixed tissue
IF (1:100)-no
staining in
knee joint
tissues

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

Caspase3

gH2A.X

N-Cad

rabbit

rabbit

rabbit

Abcam

Abcam

Abcam

225

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

Antibody
(primary)

N-Cad

Fibronectin

Pan-cadherin

Vinculin

YAP

Cx43

PhosphoFAK
(Tyr397)

rabbit

Cell Signaling
Technology

mouse

Sigma

rabbit

Cell Signaling
Technology

rabbit

rabbit

rabbit

rabbit

Abcam

Cell Signaling
Technology

Millipore Sigma

ThermoFisher

226

13116

Fixed tissue IF
(1:100),
unfixed tissue
IF (1:100)unusual fibrillar
staining in
embryonic
fibrous tissue

F6140

Fixed tissue IF
(1:100),
unfixed tissue
IF (1:100)-no
specific
staining

4068T

Fixed tissue IF
(1:100)-no
specific
staining

ab219649

Fixed tissue IF
(1:100)-no
specific
staining

14074

Fixed tissue IF
(1:100),
unfixed tissue
IF (1:100)-low
signal, nuclear
vs.
cytoplasmic
staining hard
to discern

C6219

Unfixed tissue
(1:1000)--small
puncta that
could be reall
staining, need
positive control
for validation

44-624G

Fixed tissue IF
(1:50), unfixed
tissue IF
(1:50), cells
(1:500)-- nonspecific
staining

Antibody
(secondary)

Antibody
(secondary)

AlexaFluor55
5-anti-goat

AlexaFluor59
4-anti-rabbit

donkey

goat

ThermoFisher

ThermoFisher

A-21432

Fixed tissue IF
(1:400),
unfixed tissue
IF (1:400)

A-11012

Fixed tissue IF
(1:400),
unfixed tissue
IF (1:400),
cells 1:800

Antibody
(secondary)

AlexaFluor64
7-anti-mouse

goat

ThermoFisher

A-21235

Fixed tissue IF
(1:400),
unfixed tissue
IF (1:400),
cells 1:800

Antibody
(secondary)

anti-rabbitHRP

donkey

EMSCO/FISHE
R

PRW4011

Western
blotting
(1:1000)

C10617

Fluorescent
cell death
detection in
tissue sections

TUNEL Kit

ThermoFisher

TUNEL (In
Situ Cell
Death
Detection
Kit, POD)

Sigma/Roche

1.168E+10

Fluorescent
cell death
detection in
tissue sections

RNAscope
chromogeni
c detection
kit

Advanced Cell
Diagnostics

320494

in situ
hybridization

RNAscope
probe

Mm-Myh9

mouse

Advanced Cell
Diagnostics

556881

in situ
hybridization

RNAscope
probe

Mm-Myh10

mouse

Advanced Cell
Diagnostics

556891

in situ
hybridization

RNAscope
probe

Mm-Myh14

mouse

Advanced Cell
Diagnostics

556901

in situ
hybridization
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RNAscope
probe

Mm-GDF5

mouse

Advanced Cell
Diagnostics

407211

in situ
hybridization

RNAscope
probe

Mm-Lmna

mouse

Advanced Cell
Diagnostics

314811

in situ
hybridization

1X RIPA
Buffer

Fisher

PI89900

Protein
extraction

Protease
and
Phisphotase
Inhibitor

ThermoFisher

78441

Protein
extraction

Pierce BCA
protein
assay kit

ThermoFisher

23227

Protein
concentration
quantification

ImmunoBlot PVDF
membrane

Bio-Rad

1620174

Western
blotting

Pierce ECL
Western
Blotting
Substrate

ThermoFisher

32106

Western
blotting
(visualization)

Liberase

Millipore/Sigma

5.401E+09

Cell-culture
tissue digest

DNASE I

Millipore/Sigma

4.536E+09

Cell-culture
tissue digest

Adeno-CreGFP

Baylor Labs

Adenoviral
infection

AdenoEmpty-GFP

Baylor Labs

Adenoviral
infection

TRIzol

Invitrogen

15596026

RNA extraction

Direct-zol
RNA Micro
prep

Zymo Research

R2062

RNA
purification

SuperScript
IV VILO

Invitrogen

11766050

cDNA
synthesis

Applied
Biosystems

4385612

qPCR

SYBR
Green

228

Master Mix
TaqMan
Master Mix

Applied
Biosystems

4444557

qPCR

ONTARGETplu
s Myh10
siRNA,
SMARTpool

Myh9

mouse

Horizon
(Dharmacon)

L-040013-000005

siRNA
knockdown

ONTARGETplu
s Myh10
siRNA,
SMARTpool

Myh10

mouse

Horizon
(Dharmacon)

L-062322-000005

siRNA
knockdown

ONTARGETplu
s Nontargeting
Control Pool

no target

mouse

Horizon
(Dharmacon)

Lipofectami
ne
RNAiMAX

Blebbistatin

ThermoFisher

Cayman
Chemical

D-001810-1005

siRNA
knockdown
control

LMRNA015

siRNA
transfection
reagent

13013-1

small molecule
myosin
inhibitor
(contractility).
10uM
concentration
used

T3605

Far-red
nuclear
counterstain
(1:500-1:1000)

To-PRO3

ThermoFisher

Hoechst33342

Life
Technologies

H3570

Near-UV
nuclear
counterstain
(1:800-1:1000)

Fibronectin

Sigma Aldrich

F1141

Coverslip
coating
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APPENDIX E: PRIMER NAMES AND SEQUENCES
Primer
Name

Sequence (5'-3')

Notes

Myh9ff F

ATGGGCAGGTTCTTATAAGG

Myh9ff R

GGGACACAGTTGAATCCCTT

WT:600bp
Mut: 770bp

Myh10ff F

GACCGCTACTATTCAGGACTTATC

Myh10ff R

CAGAGAAACGATGGGAAAGAAAGC

Cre F

CAGGTTCGTTCACTCATGGA

Cre R

TGCATGATCTCCGGTATTGA

cMyh9 F

TACTCAGAGGAGATCGTGGAG

cMyh9 R

GTGCACAGGATGGACTGATCTT

gMyh9

ATTCAGGCCTGTTCTGTGTGG

gMyh10

CATGCTCCGGTAGGCAGTATC

cMyh10 F

TTGAAGGACCGCTACTATTCAGG

cMyh10 R

GGTGGCATCTCATGGCGTT

gMyh10 F

GCGGGGCGATGAGGTTATG

gMyh10 R

AGGCTTCGTTCAAGCATGTCA

18S F

GTAACCCGTTGAACCCCATT

18S R

CCATCCAATCGGTAGTAGCG

qPCR
(Taqman)

Myh9

probe name: Mm00502577_m1

qPCR
(Taqman)

Myh10

probe name: Mm01325182_m1

qPCR
(Taqman)

18S

probe name: Mm03928990_g1

Assay
Myh9 f/f
genotyping
Myh10 f/f
genotyping
Cre
genotyping

qPCR

qPCR

qPCR

qPCR

qPCR
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WT:210bp
Mut: 310bp
Cre: 500bp
(no WT
band)
spans exon
3-4
junction
within exon
3
spans exon
2-3
junction
within exon
2

HS gene
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